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ABSTRACT

Adsorbent materials are promising for various gas purification processes, however,
forming them into structured contactors is paramount in enhancing mass transfer properties
and reducing pressure losses. In this research, various adsorbents were engineered into
structured contactors with 3D printing. The overall goal of this research was to improve
the formulation methods of 3D-printed adsorbents and understand their performances in
gas separation processes. The specific objectives were to 1) develop new adsorbent 3Dprinting strategies, 2) understand the kinetic properties of printed adsorbent monoliths, and
3) assess their process performances. Objective one was addressed by developing five 3D
printing techniques: i) oxide seeding and secondary MOF growth (Paper I), ii) direct ink
writing of amine-modified MOFs (Paper II), iii) polymer seeding with MOF growth (Paper
III), iv) MOF precursor incorporation into printable sol-gels with thermal coordination
(Paper V), and v) binderless zeolite printing with sacrificial pectin and gelatin biopolymers
(Paper VI). Objective two was addressed by varying the monolith cell density (Paper IV),
adsorbent loading method (Papers II-III, V-VI) and macropore space (Paper IV-VI) to
determine how these properties relate to printed monoliths’ mass transfer rates. Objective
three was addressed by varying the process conditions in a PSA system over a 3D-printed
MOF-74 (Ni) monolith for CO2/H2 separation (Paper VII) and over an activated carbon
monolith bed for CO2/CH4 separation (Paper VIII). Overall, this research indicated that
developing new printing methods can enhance the physiochemical and kinetic properties
of printed adsorbent monoliths, established that printed monoliths’ kinetic rates are limited
by molecular diffusion, and demonstrated that printed adsorbent monoliths can achieve
comparable PSA separation performance to established benchmarks.
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1.

INTRODUCTION

1.1. THE IMPORTANCE OF CO2 CAPTURE
Gas separation, storage, and purification processes are important aspects of the
petrochemical industry, given the ever-pressing needs of producing valuable chemical
feedstocks, alternative fuel sources, and preventing global climate change. In these
processes, one of the most important species which must be captured is CO2, as this
particular contaminant is present in mixtures alongside H2,[1–3] natural gas streams
alongside CH4,[4,5] as well as in post-combustion mixtures alongside N2.[6,7] In the case of
CH4 or H2, CO2’s presence is known to decrease fuel energy densities, whereas the
contaminant’s presence alongside N2 in post-combustion streams has been directly linked
to climate change. [8–12] Even in smaller scale environments, such as the international space
station (ISS) or submarines, CO2 accumulation has been correlated to reductions in
cognitive functioning and decision making performance,[13,14] which can have life-threating
ramifications in these high risk scenarios. Besides, in such instances capturing CO2 is
generally the first step in O2 recycling, so CO2 abatement within enclosed environments is
imperative in ensuring a continuous supply of breathable air. Therefore, developing
methods to abate and store CO2 is one of the most important areas of current scientific
research.
1.1.1. CO2 Capture Processes. Conventionally, CO2 has been captured and stored
either by i) cryogenic fracturing – where it is cooled to freezing temperature and frozen
into dry ice– or ii) by amine scrubbing, where it is bubbled through aqueous amines and
bound to a liquid medium.[6,7,15] Unfortunately, both cryogenic fracturing and amine
scrubbing processes are energetically inefficient and incur high operating costs, so some
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of the curbed CO2 emissions are offset by the additional CO2 generated during combustion
to power the equipment.[15–17] Moreover, aqueous amine scrubbing generates a
considerable amount of chemical waste and the amines degrade the scrubbing towers over
time, leading to additional maintenance expenditures. Besides, these processes cannot be
easily implemented into enclosed environments due to their large sizes, so alternative
methods are worth developing.
1.1.2. Adsorption for Gas Separation Processes. In recent years, adsorption
technology – which captures target gases by i) adherence to a porous medium
(physisorption) or ii) by tethering to a solid with immobilized amines (chemisorption) –
has received considerable attention, especially for CO2 capture applications. The reasons
being, adsorption incurs lower energy costs compared to cryogenic fracturing or amine
scrubbing without incurring equipment corrosion or additional chemical runoff.[6,7,16,17]
Regarding adsorption’s scale-up, adsorptive gas separation processes are generally
performed by either pressure-swing adsorption (PSA) or temperature-adsorption (TSA). In
the former, the adsorbed gas – referred to as an adsorbate – is compressed into the porous
material (e.g., an adsorbent) at high pressure. After reaching ~5% adsorbent saturation, the
bed is then regenerated by reducing or “swinging” the column pressure to allow for
expansion of the adsorbed gas and recover the heavy components. [18–21] In a similar way,
TSA adheres the adsorbate onto the adsorbent at low temperature, where the column is then
heated to desorb the heavy component and regenerate the active material.

[22,23]

These

processes can yield high purities of the desired (e.g., light) component, nearly 100% in
some cases, and can achieve sustainable operations over hundreds of cycles. Moreover,
adsorption technology can be implemented into much more compact spaces, especially
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considering the high pore volume of some adsorbent materials, which makes it uniquely
useful for enclosed applications. Therefore, adsorption technology can be considered a
promising alternative for gas separation, purification, and storage processes, especially
processes involving CO2.

1.2. ADSORBENT MATERIALS FOR GAS SEPARATION PROCESSES
In either TSA or PSA processes, adsorption’s overall efficacy is reliant on proper
selection of the adsorbent material, as it is often necessary to tune the adsorbent
physiochemical properties to ensure selectivity towards the desired species. This notion is
especially true when considering the type of adsorption process (e.g., TSA or PSA) or the
capture application (e.g., CO2/H2 separation, CO2/CH4 separation, CO2/N2 separation, or
CO2 removal from enclosed environments), as some adsorbents are especially effective for
capturing CO2 at high pressures and can be easily regenerated by a small pressure-swing;
whereas others have an affinity towards CO2 at dilute concentrations without additional
adsorption occurring at higher pressures, thus requiring thermal-swings for regeneration.
Given that such properties are fundamentally important to the efficacy of adsorption in gas
separation processes, this section is focused on exploring the various adsorbent materials
included in this research.
1.2.1. Metal-Organic Frameworks. Crystalline materials comprised of metal
centers abridged by organic linkers, metal-organic frameworks (MOFs) have attracted
considerable attention for adsorption applications over the past few decades, on account of
their high surface areas, tunable pore structures, and sizable free micropore volumes. In
fact, MOFs have been extensively utilized for CO2 applications, including applications
such as CO2 removal from enclosed environments as well as CO2 separation from N2, H2,
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or CH4. In this area, some of the most commonly reported MOFs have been the M-MOF74 family, UTSA-16, HKUST-1, and MIL-101. Between these, UTSA-16 and M-MOF74, especially MOF-74 (Ni), are among the strongest contenders for CO2 capture
applications, due to their high affinity towards the contaminate at low partial pressures,
large pore volumes, and appropriate pore diameters to selectively include the adsorbate
whilst excluding lighter species.[24–32] Meanwhile, MIL-101 (Cr)’s ultrahigh pore volume
and surface area make it especially attractive for high-pressures gas storage applications or
for secondary functionalization with amine species for capture of CO2 adsorption from air
or enclosed environments.[33–35] Similarly, HKUST-1 (Cu)’s high yield, ability to be
synthesized from a myriad of approaches, and tunable textural properties make it usable
for a variety of applications, especially CO2 capture processes.[36–41] Based on this high
degree of versatility and the range of applications, MOFs can be considered especially
attractive materials for adsorption processes.
1.2.2. Zeolites. Porous aluminosilicates, zeolite adsorbents – including zeolites
5A, 13X, ZSM-5, and others – have long been considered the standard benchmark
materials for gas storage and separation processes, especially with regards to CO2
capture.[42–47] Zeolites are both naturally occurring or can be synthesized under
hydrothermal conditions, making them inexpensive as well as customizable. Besides,
zeolites are well-recognized as adsorbent materials because of their exceptional thermal
stabilities and sizable free micropore volumes, where the former attribute makes them
suitable for TSA processes that require extreme thermal gradients while the latter property
ensures that zeolites are capable of abating large quantities of target species. Particularly
for CO2 separation and storage, some of the most commonly considered zeolites have been
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zeolite 13X and zeolite 5A, as these particular aluminosilicates’ pore diameters are
sufficiently small to selectively store CO2, even at dilute concentrations and low partial
pressures.[44,47–49] Be that as it may, CO2 and H2O display competitive adsorption behavior
within the zeolitic pore window, so one of the key challenges of these materials is
improving their separation performances under humidified conditions.[47,49] Otherwise,
zeolitic adsorbents must be regenerated at ~400 °C to ward off adsorbed water, which
drives up operational energy expenditures.
1.2.3. Activated Carbon. Another class of adsorbent material which has
commonly been used for a variety of gas storage and separation applications are
carbonaceous adsorbents, otherwise known as activated carbon. As with zeolitic
adsorbents, porous activated carbon is well-established and has been extensively utilized
due to its low cost, high tunability, and considerably high textural properties. Regarding its
synthesis, activated carbon is typically formulated from agricultural waste sources – such
as corn husk or soy hull – by heating the carbon source to high temperature under an inert
atmosphere, where it can then be further etched with CO2 to increase its micropore
volume.[50–54] This process, known as pyrolysis, cross-links the carbon precursor into a high
surface area material with large micropore volume, allows for control of the pore
dimensions by simple adjustment of the pyrolytic conditions, and transforms undesirable
waste products into marketable chemical commodities (e.g., agricultural compost into
activated carbon adsorbents). Given these benefits, carbonaceous adsorbents have been
extensively used in gas separation processes. In particular, activated carbon has been
employed for PSA applications, especially CO2 separation from CH4, N2, and H2, because
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its ultrahigh pore volume can achieves a greater degree of sorbate saturation at elevated
pressures and, therefore, can be fully regenerated by reducing the column pressure.[55–60]

1.3. ADSORBENT STRUCTURING METHODS
To date, thousands of adsorbent materials have been employed in, olefin/paraffin
separations, natural gas storage, and gas separation applications. However, regardless of
the application, it is important to structure adsorbents into practical contactors – such as
pellets, granules, beads, hollow fibers, extrudates, or monoliths – to eliminate particle
scattering and material losses. Structuring adsorbents is relevant to both large- and smallscale applications, as particle scattering is problematic in both industrial or localized
settings. For example, material scattering by industrial flowrates inevitably decreases the
packed bed’s adsorption capacity over time merely by way of lesser adsorbent being
present. Besides, replacing the lost adsorbent increases material costs and drives
operational expenditures as well as waste output. Meanwhile, adsorbent scattering in
enclosed processes can cause contamination of sensitive equipment, especially in cases of
microgravity, which can yield life-threating consequences. Aside from these issues, it is
also important to structure adsorbents to enhance mass transfer rates, as increasing the
adsorbent geometric surface area to packed volume ratio can yield faster transport from the
adsorbate fluid to the adsorbent surface, thus yielding faster rates of saturation, shorter
cycle times, and higher process productivity. As such, adsorbent structuring can be
considered one of the most important aspects to scale-up.
1.3.1. Pelletized Adsorbents. The most common means of structuring adsorbents
is through pelletization, whereby the adsorbent particles are hydraulically pressed into
machined molds to produce the desired geometric structure. To this end, the pellets’
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intraparticle pore volume can be controlled by increasing or decreasing the applied
pressure, where increasing the pressure gives rise to reduced macroporosity and higher
mechanical strength.[61–65] Given that this technique can be applied rapidly to most any
material and produces a high output, pelletization is the standard means of structuring
adsorbent materials. Unfortunately, although the high pelletization pressures do impart
considerable mechanical strength, pressing the adsorbent particles leads to interpenetration
of the porous materials, thus partially deactivating the pore window and decreasing the
pellets’ adsorption capacities.[61,63,65] As another issue, packing columns with pelletized
geometries obstructs flow of the adsorbate fluid, leading to slow mass transfer rates and
high systemic pressure losses.

[61,62]

Therefore, it is worth utilizing alternative adsorbent

geometries, even if the manufacturing pathways are more complicated compared to
pelletization.
1.3.2. Adsorbent Monoliths. As an alternative to the pelletized geometry,
adsorbent materials have also been structured into monolithic contactors with open channel
designs. Monolithic structures are more attractive compared to pelletized adsorbents, as the
open design does not inhibit fluid flow, thereby lowering systemic pressure losses and
enhancing mass transfer.[61,62] Nevertheless, formulating adsorbent monoliths is not always
a straightforward process. Conventionally, adsorbent monoliths have been formulated
using extrusion, whereby the adsorbent particles are bound to an inert putty, pressed
through a machined mold, and fired to generate the final structure. This process is generally
applied to materials with high thermal stabilities, such as silicates, zeolites, or activated
carbons. On the other hand, MOFs cannot undergo this process because the firing step will
decompose their organic ligands, so extruded MOF monoliths have more often been
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formulated via growth on an inert ceramic material using dip, epitaxial, or seed growth
techniques.[27,28,42,61,64,66] In either case, extrusion requires that machined molds be used to
generate the geometric structure, thus necessitating that new molds be manufactured
whenever the adsorption column dimensions are changed. This process drives up
manufacturing operational costs and is one of the key downsides associated with
formulating adsorbent monoliths via extrusionary techniques. Besides, the aforementioned
processes of secondary MOF growth are especially unattractive from an industrial
standpoint, given that they often require several weeks of lead time, produce excessive
amounts of chemical waste, must be optimized towards each MOF’s individual chemistry,
and can only achieve ~50 wt.% MOF growth under the best circumstances. Therefore,
while extrusion-based manufacturing may be applicable to zeolitic or carbonaceous
materials, new pathways of shape engineering adsorptive materials are worth developing
to address the issues associated with conventional manufacturing approaches.
1.3.3. Adsorbent Structuring by 3D Printing. A relatively new technology, 3D
printing – otherwise known as additive manufacturing – has recently gathered significant
attention as an alternative route for adsorbent structurization. Unlike extrusion, additive
manufacturing allows the printed geometry to be tuned digitally, which eliminates the need
for mold production and may lower operational costs. Furthermore, 3D printing can
theoretically be applied to any adsorbent material, as generating a printable ink merely
necessitates that i) good binding behavior is achieved between the adsorbent and inert
components and ii) the paste is self-standing and does not expel its dispersion solvent after
flow is initiated. Using these simple criteria, adsorbent 3D printing has already been used
to structure MOFs, zeolites, and aminosilica adsorbent monoliths.[24,44,67,68]
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Between these, zeolites and aminosilicates are easily printable, however, MOF inks
do not generally achieve the desirable rheological properties (e.g., self-standing rheology,
solvent retention, and shear thinning behavior), as their large particle sizes prevent binding
with the inert additives (e.g., bentonite, poly(vinyl) alcohol (PVA), and methylcellulose)
and cause the inks to behave unpredictably. Moreover, the large particles often block the
printing tips and expel the dispersion solvents, further limiting the degree to which MOFs
can be printed. While these issues are especially pertinent to MOFs, they can be considered
applicable to zeolites as well. Namely, conventional zeolite structuring processes have been
used to produce “binderless” materials with 100% purity, however, zeolite 3D printing has
not yet exceeded 85 wt.% loading because the ink rheologies become unstable above this
threshold due to inadequate electrostatic binding between the adsorbents, bentonite, and
methylcellulose. As such, even though 3D printing has been somewhat applied to adsorbent
materials in recent years, new pathways of ink development should be explored to make
this up-and-coming technology competitive with traditional manufacturing approaches.

1.4. PRINTED ADSORBENT GAS SEPARATION PERFORMANCE
Regarding 3D-printed adsorbents, another area that should be considered is the
manufactured monoliths’ performances in gas separation processes. The reason being,
because 3D-printed adsorbent materials are still very much in their infancy, most current
studies have focused solely on material development. Even in the studies which have
targeted printed adsorbents’ dynamic gas separation performances, most work has been
focused on single-breakthrough experiments with little emphasis on understanding the
relevant factors that affect printed monoliths’ performances in gas separation processes.
Such studies are fundamentally important to scaling up printed adsorbent materials, as they
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directly pertain to the process heuristics of light gas purity, recovery, and productivity.
Given the deficiency in this area, this section is focused on discussing some of the aspects
and providing background into some of the possible differences between the kinetic
performances of extruded and printed adsorbent monoliths.
1.4.1. Extruded Monolith Kinetic Properties. Generally speaking, the mass
transfer properties of structured adsorbent materials, especially adsorbent monoliths, can
be divided between two regimes: i) transport from the bulk fluid to the adsorbent layer
(film transport) and ii) adsorbate transport from the outermost adsorbent layer through the
intraparticle macropore structure within the solid particulate (molecular transport)
Regarding adsorbate mass transport across extruded monoliths, the adsorbent layer is
typically thin enough that molecular transport occurs almost instantaneously. Thusly, the
mass transfer rates of extruded monoliths generally depend on the monolithic cells per
squared inch (cpsi), where increasing the cell density elevates the geometric surface area
to volume ration and increases the film transfer rate.[61,62,69] Along these lines, the overall
mass transfer rate in extruded monoliths is not overly dependent on the sorbate mixture
superficial velocity, as it is well-recognized that these structures maintain favorable gas
separation performances at most any flow regime.
1.4.2. Printed Monolith Kinetic Properties. Unlike extruded geometries, printed
monolithic adsorbents have much thicker wall sizes, so the molecular transport rate
becomes more of a factor in determining the overall rate of mass transfer. In fact, adsorbent
layer thickness of printed monoliths is so much greater than that for extrusion, that it is
difficult to predict to what degree the two geometries’ mass transfer properties will be
comparable. It could very easily be argued that printed monoliths will have a greater rate
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limitation on molecular diffusion compared to extruded monoliths, but this is something
that is not well-understood and should be explored experimentally. Besides, printed
monoliths are generally produced with interlocking channel structures that are offset by the
Z-thickness, whereas extruded monoliths contain continuous channel structures without
any offset. Preliminary computational fluid dynamic (CFD) studies indicated that the
interlocking channels increase turbulence within the printed monoliths compared to that
within extruded monoliths, due to the increased number of vortices around the interlocking
design in the former geometry. On the one hand, this turbulence has been predicted to
enhance fluid contact between the adsorbate gas and geometric structure, however, given
that molecular diffusion factors into the kinetic rate of printed monoliths, it is difficult to
say how these effects will translate to overall mass transfer. Therefore, the relevant factors
which affect printed monoliths’ performances in dynamic gas separation processes are
worth investigating to provide a foundational understanding of these materials. Such
studies are paramount to the scale-up of printed monoliths, as these factors are key in
optimizing the process heuristics of light gas purity, recovery, and productivity.

1.5. DISSERTATION SUMMARY
This research seeks to address the areas of deficiency for 3D-printed adsorbents
that were discussed through the introduction. Specifically, the objectives of this research
are i) to develop new pathways of 3D printing adsorbent materials with particular emphasis
on developing new ink formulation strategies to diversify and improve upon current
additive manufacturing methods, ii) to provide a thorough kinetic and process assessment
of 3D-printed adsorbent monoliths with particular emphasis on understanding the rate
limiting factors for printed adsorbent mass transfer, and iii) develop a working relationship

12
between relevant process parameters and light gas purity, recover, and productivity over
printed monoliths in PSA separation processes. These objectives were accomplished across
eight papers, which are included in Section 1.
In Paper I, MOF monoliths were 3D-printed by utilizing metal oxide growth seeds
within kaolinite monoliths for secondary allocation of the adsorbent material. Between the
various MOFs considered, the method was especially effective for UTSA-16 because of
this MOF’s three component chemistry, where [OH-] interacted with the solid-state CoO
during synthesis to form a peroxide, thereby allocating all of the MOF to the printed
structure. This method achieved 90 wt.% MOF loading and generated a sample with
comparable physiochemical properties to pristine UTSA-16 powder. The monolith was
assessed for dynamic separation of CO2 from CH4, N2, and H2, where it displayed steep
breakthrough fronts and good affinity for CO2 compared to all three gases.
In Paper II, amine/MIL-101 composite monoliths were prepared for CO2 removal
from enclosed environments. The monoliths were prepared by two methods: either i) by
impregnating

the

MOF

with

85

wt.%

tetraethylenepentamine

(TEPA)

or

polyethyleneimine (PEI) before forming the amine/MOF composite into a paste or ii) by
3D-printing MIL-101 pastes with the unmodified powder and impregnating the amines
onto the printed structure after hardening. Between the two approaches, pre-impregnation
was found to produce higher loading, owing to better amine/MOF mixing during the
functionalization process. The pre-impregnation process also facilitated grafting between
TEPA and MIL-101, which generated a material with exceptional cyclic stabilities. On the
other hand, impregnating the amine after printing produced faster adsorption kinetics, as
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the amines were more allocated to the surface and, therefore, were more accessible to the
dilute CO2.
In Paper III, MOF monoliths were printed by suspending the particles inside of a
polyamide(imide) (Torlon) dope. Two MOFs were considered in this study: HKUST-1 and
Ni MOF-74. Between the two, HKUST-1 retained its textural properties and did not
decompose from the polymer printing process, however, the solvent exchange process
decomposed Ni MOF-74 partially, so this MOF was used as a growth seed to
solvothermally tether the adsorbent after printing. Between the two samples, the directly
printed HKUST-1 achieved 60 wt.% loading, but had poor rheological properties. In
contrast, Ni MOF-74’s decomposed particulate led to better rheological properties, where
secondary growth of the adsorbent led to 40 wt.% loading. The Ni MOF-74 sample also
displayed faster adsorption kinetics for CO2/N2 separation, as the MOF was grown as a
film, causing the overall mass transfer rate to become independent of molecular diffusion.
In Paper IV, zeolite 13X monoliths were 3D-printed with 200, 400, and 600 cpsi to
understand how the monolithic cell density affects mass transfer properties. These samples
underwent breakthrough experiments of CO2/N2 at 5 bar with different superficial
velocities, where it was found that increasing the monolith cell density led to gas throttling
and gave rise to an increased rate dependence on molecular diffusion. Along these lines,
200 cpsi monoliths were also produced with varied macroporosities, where the macropore
space was adjusted by i) eliminating the extracted organic plasticizer (lowly macroporous)
ii) doubling the plasticizer concentration (highly macroporous with voids), or iii) by
substituting a macroporous kaolin binder (highly macroporous with even distribution). The
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monoliths were also assessed for dynamic breakthrough of CO2/N2 at 5 bar, where it was
found that increasing the macropore space gives rise to enhanced mass transfer.
In Paper V, a new way of 3D printing MOFs was developed, where HKUST-1 was
formulated into a printed monolithic structure via deposition and coordination of a selfstanding sol-gel. Specifically, this technique dissolved HKUST-1 precursors into a
printable and standing ink, printed said ink, and then heated the structure for 20 h at various
temperatures to coordinate the MOF. The structures were then washed with various
solvents to determine the best conditions for printing HKUST-1 by this method. Therein,
it was found that the MOF’s crystallinity heavily depended on the solvent removal
temperature, whereas the textural properties were more affected by the activation solvent.
In this way, the best balance of mechanical strength, pore volume, and crystallinity was
achieved using 120 °C for coordination and acetone for washing. The sample’s kinetic
performance was also compared to a traditionally printed HKUST-1 monolith for CO2
capture from N2, where the sol-gel sample’s increased macropore volume led to much
faster transport.
In Paper VI, another new printing method was developed to 3D-print zeolite
monoliths with 100% purity (e.g., binderless monoliths). This was accomplished by
utilizing gelatin and pectin biopolymers as sacrificial binding agents, where various
zeolites were mixed alongside these components with dropwise solvent addition to
formulate printable inks. Unlike traditional ink formulation, this technique produced a
printable ink within only 5 minutes and was capable of achieving truly binderless zeolite
monoliths. The zeolite monoliths, synthesized from commercial zeolites, all showed higher
adsorption capacities for CO2, CH4, and N2 compared to their parent powders, which was
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attributed to enhanced electrostatic interactions between the adsorbate and pore wall,
stemming from micropore shrinkage that occurred during biopolymer removal. The zeolite
13X and 5A monoliths were also compared to their traditionally 3D-printed counterparts
for CO2/N2 separation, where it was found that this new method of printing produces
enhanced macropore volume compared to bentonite DIW and gives rise to faster transport
properties.
In Paper VII, a 3D-printed MOF-74 (Ni) monolith was assessed for CO2/H2
separation. The sample was analyzed using high pressure adsorption isotherms,
breakthrough experiments, and cyclic adsorption/desorption experiments. The adsorption
isotherms revealed that the sample displayed lower CO2 adsorption capacity relative to its
MOF loading, resulting from pore blockage during the printing process. The breakthrough
experiments indicated that the monolith displays better CO2/H2 separation at higher
pressure, stemming from increased gas compression that occurs around the structure. From
the cyclic experiments, this behavior caused the monolith to show the best balance of H2
purity and productivity when the pressure was 10 bar and when the adsorbate superficial
velocity was 1.80 cm/s. However, the cyclic experiments also indicated that the adsorption
step time should not exceed 60 seconds to prevent CO2 bypass into the effluent stream.
In Paper VIII, activated carbon monoliths with 200 cpsi were assessed for PSA
separation of CO2 and CH4. The column pressure, adsorbate superficial velocity, and
adsorption time were systematically varied to assess their impacts on CH4 purity, recovery,
and productivity. At the same time, temperature profiles were also collected from the PSA
runs to develop a relationship between adsorption conditions and heat transfer during the
adsorption and pressurization steps. These experiments revealed that best PSA
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performance was achieved under 5 bar pressure, with 2.3 cm/s superficial velocity, and 5
min adsorption time, where the monolith-packed bed generated 95% CH4 purity, 25%
recovery, and 2.22 mmol CH4/h.gmonolith productivity, which was comparable to the
performance of literary benchmarks. Finally, pressure drop analyses were also performed
across columns packed with commercial beads as well as 200, 400, and 600 cpsi printed
monoliths to provide a true comparison of printed geometries’ process performances to
commercial benchmarks. These experiments revealed that the pressure drop increased with
cell density, but even the 600 cpsi monoliths displayed reduced pressure drops compared
to commercial 1.5 mm beads, signifying that printed adsorbent monoliths can be used to
reduce column pressure losses. Overall, the research in this research provides new and
important pathways to 3D-print adsorbent monoliths and generates fundamental
understanding of their performances in gas separation processes.
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ABSTRACT

Honeycomb monoliths loaded with metal-organic frameworks (MOFs) are highly
desirable adsorption contactors because of their low pressure drop, rapid mass transfer
kinetics, and high adsorption capacity. Moreover, 3D printing technology renders direct
material modification a realistic and economic prospect. In this work, 3D printing was
utilized to dope kaolin-based monolith with UTSA-16 metal formation precursor (Co)
whereupon an internal deposition was facilitated via a solvothermal synthesis approach.
The cobalt weight loading in the kaolin support was varied systematically to optimize the
MOF growth while retaining monolith mechanical integrity. The obtained UTSA-16
monolith with 90 wt% loading exhibited similar textural features and adsorption
characteristics to its powder analogue while improving upon structural integrity. In
comparison to previously developed 3D-printed UTSA-16 monoliths, the UTSA-16-kaolin
monolith not only showed higher MOF loading, but also higher compression stress
indicative of its robust structure. Furthermore, the 3D-printed UTSA-16-kaolin monolith
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displayed a comparable CO2 adsorption capacity to the UTSA-16 powder (3.1 vs. 3.5
mmol/g at 25 ºC and 1 bar) which was proportional to its loading. Selectivity values of 48,
237 and 3725 were obtained for CO2/CH4, CO2/N2, and CO2/H2, demonstrating good
separation potential of the 3D-printed MOF monolith for various gas mixtures, as
determined by both equilibrium and dynamic adsorption measurements. Overall, this work
provides a novel route for the fabrication of UTSA-16 loaded monoliths which demonstrate
both high MOF loading and mechanical integrity that could be readily applied to various
CO2 capture applications.
Keywords: 3D printing, honeycomb monolith, MOF deposition, UTSA-16, adsorption.

1.

INTRODUCTION

Formulating solid adsorbents into practical contactors is necessary for their
successful employment in large-scale industrial processes. With significant advancements
made over the past two decades in developing porous adsorbents, in particular metalorganic frameworks (MOFs) at lab scale for various separation processes, it is imperative
to take them into the next stage of development by focusing more on their scale-up
approaches.1–6
Illustrating desirable geometrical and physical features such as low pressure drop,
less attrition rate, and improved heat and mass transfer characteristics, it is of practical
interest to formulate adsorbents into honeycomb monoliths to facilitate the scale-up of
adsorptive separation processes.7 Various techniques, such as epitaxial growth, dip coating,
spin coating, and polymer immobilization, have been established to coat monolithic
substrates with MOF materials.8–12 However, these traditional techniques present several
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unique challenges such as low MOF loading per weight of the coated monolith, pore
blockage, and channel restriction which must be addressed prior to their widespread
utilization. Recently, the application of a seed growth technique for immobilizing MOFs
on various substrates has been shown as a facile approach which improves loading and
addresses most of the challenges associated with traditional methods.4,5,13,14

While

previously observed effects were relatively marginal, further exploitation of seeding could
lead to a correspondingly high uptake in MOF deposition. By applying the formation
precursor internally, it has been theorized that a subsequent MOF deposition via
solvothermal synthesis would exhibit higher loadings, and, in turn, corresponding uptakes
in adsorption characteristic.14 Moreover, recent advances in the field of additive
manufacturing (3D printing) have rendered such an internal doping an extremely realistic,
practical, and efficient reality.15–17
The incorporation of metal salt precursor into a polymer matrix for MOF crystals
growth has been recently established by several researchers and may be applied for the
formation of seeded monolithic materials.18,19 Unlike prior techniques, this novel approach
introduces a formation precursor directly into a target monolith’s framework facilitating a
desirable change in liquor selectivity. Establishing a similar concept, Lively and
coworkers19 grew ZIF-8 and HKUST-1 in a cellulose acetate polymer matrix that was
formulated in a hollow fiber configuration by continuously flowing the reagents around the
contact surface. In turn, the authors achieved 66 and 85 wt% MOF loadings for ZIF-8 and
HKUST-1 respectively. Motivated by these findings, it is theorized that incorporating a
similar approach via additive manufacturing may exacerbate these positive characteristics
and allow for highly tunable MOF deposition.
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Established in our earlier works,2,20–22 3D-printing technology is a facile approach for
the direct tuning of monolithic properties such as geometric surface area, channel width
and thickness, and chemical concentration. Successfully employed for the production of
various adsorbent classes and catalyst monoliths including zeolites, aminosilicates, and
MOFs, additive manufacturing has established itself as a viable technique for the
fabrication of novel adsorbent/catalyst contactors. In particular, MOF-74(Ni) and UTSA16(Co) with MOF loadings as high as 80 and 85 wt%, respectively, were shaped into
honeycomb monoliths using bentonite clay and poly(vinyl alcohol)(PVA), as binder and
plasticizer, respectively.2 In turn, the 3D-printed monolithic adsorbents demonstrated
noteworthy mechanical stability and promising adsorptive performance compared to their
powder analogues. However, it must be noted that MOF extrusion did lead to decreases in
both expected surface area and adsorption capacities for the loaded contactors. While an
overall successful approach, it appears that issues of pore blockage should be addressed to
maximize the efficacy of MOF-loaded monoliths as industrial adsorbent contactors.
Combining

the advantages of the 3D-printing technique with the desirable

characteristics of seeded growth method, we embarked on a study to fabricate 3D-printed
MOF monoliths which improve upon MOF loading, adsorption characteristics, and
mechanical strength from our earlier works

2–5

. More specifically, a paste consisting of

metal salt precursor and inert support was first printed and the adsorbent formation was
achieved by converting the internalized metal into MOF by means of a secondary
solvothermal synthesis method. Initially, the MOF materials considered in this
investigation were UTSA-16(Co), MIL-101(Cr), HKUST-1, and MOF-74(Ni) whereas the
3D-printed monolithic supports included zeolite 13X, mesoporous silica, bentonite clay,
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and kaolin. However, after measuring the MOF loadings, this technique revealed itself to
be particularly effective for growing UTSA-16(Co) into a 3D-printed metal-kaolin
monolith only. Thus, the rest of this paper is primarily focused on characterization and
evaluation of the UTSA-16(Co)-kaolin monolith.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
The following materials were received from Sigma Aldrich and were facilitated for
the deposition of MOF on 3D-printed kaolin composite monoliths without any further
purification: Ni(AcO)2.4H2O (99%), 2,5-dihydroxyterepthalic acid (98%), tetrahydrofuran
(ACS grade), Co(OAC).2.4H2O, (99%), C6H8O7.H2O (99%), ethanol (ACS grade),
C9H6O6 (99%), Cu(NO3)2.2.5H2O (99%), N,N-Dimethylmethanamide (ACS grade),
Cr(NO3)3.9H2O (99%), C8H6O4 (99%), KOH (99%), methanol (ACS grade), acetone (ACS
grade), methyl cellulose (99%), kaolin (99%). All UHP grade gases used in this work were
purchased from Airgas.

2.2. MOF MONOLITH FORMULATION
Initially, several supports, including zeolite 13X, mesoporous silica, bentonite clay,
and kaolin, were examined for monolith fabrication; however, only kaolin demonstrated
the desired resistivity, durability, and printability required for MOF deposition. Using
kaolin as a support and methyl cellulose as a plasticizer, monolith pastes were formed on
a 0, 5, 10 and 15 wt% Co basis to optimize MOF loading and structural stability. The metal
salts were dissolved in a 9:1 ratio of ethanol to DI water as this solvent ratio provided the
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optimum combination of viscosity and stability required for extrusion. Facilitating the
techniques and equipment established in our prior works 2,20,21, monoliths were printed in
the compositions summarized in Table 1. In the next step, epitaxial, dip-coating and
solvothermal techniques were used to identify the optimum deposition approach for MOF
crystal growth. The description of these deposition techniques can be find elsewhere
25

5,23–

. Following synthesis, the measured MOF loadings demonstrated that an unmodified

solvothermal synthesis applied to a 10 wt% Co monolith both maximized MOF loading
and maintained monolithic integrity. Therefore, 10 wt% metal-monoliths were printed for
Ni, Cr, and Cu, and their respective solvothermal syntheses were facilitated for the
deposition of MOF-74, MIL-101, and HKUST-1 respectively 23,25–28.

Table 1. Paste compositions for metal-doped 3D-printed monoliths.

Paste
Bare kaolin
5Co-kaolin
10Co-kaolin
15Co-kaolin
10Ni-kaolin
10Cr-kaolin
10Cu-kaolin

Metal Salt
Co(OAc)2.4H2O
Co(OAc)2.4H2O
Co(OAc)2.4H2O
Ni(NO3)2.4H2O
Cr(NO3)2.9H2O
Cu(NO3)2.2.5H2O

Metal Salt
(wt.%)
0
20
32
45
35
45
28

Methyl Cellulose
(wt.%)
3
3
2
2
2
2
2

Kaolin
(wt.%)
97
77
66
53
63
53
70

2.3. MOF MONOLITH CHARACTERIZATION
The MOF loading was determined by a thermogravimetric analyzer (TA Instruments,
Q500 TGA). The samples were exposed to air at 60 mL/min from room temperature to 900
ºC under a ramp rate of 10 ºC/min. The X-ray diffraction (XRD) measurements were
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performed to confirm the MOF crystals growth into the 3D-printed monoliths using a
PANalytical X’Pert multipurpose X-ray diffractometer with a scan step size of 0.02 °/step
at the rate of 137.2 s/step. The textural properties of the samples were evaluated by N2
physisorption tests at 77 K on a Micromeritics (3Flex) instrument. Prior to the
measurements, the samples were degassed under vacuum for 6 h at 110 ºC. The BrunauerEmmet-Teller (BET) and non-local density functional theory (NLDFT) methods were used
to estimate the surface area and pore size distribution (PSD), respectively. A field-emission
scanning electron microscopy (FE-SEM), Hitachi Model S4700 was used to assess the
surface morphology of 3D-printed MOF monolith. The Hitachi Model S4700 FE-SEM was
also used in combination with Genesis software to collect energy dispersive X-ray
spectroscopy (EDS) measurements across the bare and loaded Co-kaolin monoliths.
Mechanical strength of the 3D-printed monoliths was measured using an Instron 5881
extensometer under 0.2 mm/min compression, an anvil height of 5 mm, and a head
thickness and width of 2 mm.

2.4. CO2 ADSORPTION MEASUREMENTS
The adsorption isotherms for CO2, CH4, N2, and H2 were measured at 25 ºC using a
volumetric gas analyzer (Micromeritics, 3Flex). Prior to measurement, the samples were
degassed on a Micromeritics Smart VacPrep instrument under vacuum at 110 ºC for 6 h to
drive off the pre-adsorbed gases. The isotherms were then used to estimate the selectivity
values by the ideal-adsorbed solution theory (IAST) method. The MOF powders were also
tested in the same way as the composite monoliths. In addition, breakthrough experiments
were performed at 25 ºC using binary gas mixtures of 10% CO2/N2, 50% CO2/CH4, and
40% CO2/H2. The schematic of breakthrough can be found in our previous publication 29.
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The fixed-bed column was connected to a mass spectrometer (MS, BELMass) for
monitoring the outlet stream concentration. Approximately, 1.0 g of the sample was loaded
into the column and degassed at 110 ºC under Ar with a flow rate of 40 mL/min for 90 min.
After cooling down the bed to 25 ºC, the samples were exposed to the gas mixtures at 30
mL/min and the concentration profiles from the effluent stream were collected using MS.

3. RESULTS AND DISCUSSION

3.1. MOF LOADINGS
Metal compositions and deposition techniques were systematically varied to
maximize monolithic MOF loading. Among the investigated techniques, an unmodified
solvothermal method was found to give rise to the highest MOF loadings with relatively
good mechanical integrity. The estimated MOF loadings are tabulated in Table 2. As
evident, using a kaolin monolith without Co metal to grow UTSA-16 gave rise to only 3
wt.% MOF, whereas, incorporation of 5 and 10 wt.% Co into the kaolin monolith enhanced
MOF crystal formation and achieved a 90 wt.% loading. Notably, further increasing the
metal content to 15 wt% failed to give rise to an extrudable paste. Therefore, 10 wt.% metal
was considered the optimum growth condition and yielded a 90 wt.% UTSA-16 loading.
While an exceptional loading was observed for UTSA-16, it must be noted that the other
MOFs did not grow nearly as significantly on the metal-kaolin monoliths and only achieved
loadings of 10, 22, and 27 wt.% for HKUST-1, MOF-74, and MIL-101, respectively at 10
wt.% of corresponding metals. Therefore, the rest of this study focused on characterizing
and evaluating the UTSA-16 growth on 10Co-kaolin (UTSA-16@10Co-kaolin). It should
be noted here that Pimentel et al.19 reported a MOF loading of 85 wt% for HKUST-1
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growth into cellulose acetate fibers using a continuous flow reactor while in comparison,
our previous work3 obtained a UTSA-16 loading of 37 wt% on carbon hollow fibers using
a dip-coating method, suggesting that different support geometries may require different
approaches for MOF growth.

Table 2. MOF loadings of metal-doped 3D-printed monoliths.

Monolith
Bare kaolin
5Co-kaolin
10Co-kaolin
15Co-kaolin
10Ni-kaolin
10Cr-kaolin
10Cu-kaolin
*
not an extrudable paste

MOF
UTSA-16
UTSA-16
UTSA-16
UTSA-16
MOF-74
MIL-101
HKUST-1

MOF Loading
(wt.%)
3
35
90
-*
22
27
10

The exceptional UTSA-16 deposition is hypothesized to be a direct result of the
KOH-Co interactions during synthesis 25,27. Formed during calcination, the CoO within the
target monolith contributed an O2- to the reaction liquor which readily reacted with the
previously dissolved OH- ions forming a peroxide at high temperature. Evident by the
presence of a black precipitate during filtration, this peroxide further reacted with the
excess Co2+ in solution and a CoO precipitate was produced. Due to the reduction in Co2+
concentration, the reaction equilibrium shifted the linker selectivity towards the internal
Co2+ of the monolith resulting in the dense UTSA-16 formation, as observed in Figure 1.
Clearly illustrated, the deposition maintained monolith integrity, did not scatter, and
showed an even thickness overall.
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Figure 1. Co-kaolin monolith before (a) and after (b) UTSA-16 deposition.

3.2. CHARACTERIZATION OF 3D-PRINTED MONOLITHS
Figure 2 demonstrates the comparison between the mechanical strength of bare
kaolin, Co-kaolin, and UTSA-16@10Co-kaolin under the same compression testing
conditions. The compression load sustained by Co-kaolin and UTSA-16@10Co-kaolin
was significantly higher than that by bare kaolin indicating that the Co addition to the
kaolin paste had a positive effect on the mechanical strength which can be attributed to the
high hardness and strength of the cobalt. Further evidenced in literature, both Conner et
al.30 and Lee et al.31 reported cobalt’s potential as a 3D printing additive because of its
high mechanical strength, resistance to corrosion, and notable thermal stability.
Additionally, it can be noted that the UTSA-16 deposition did not critically alter the
mechanical strength of the 3D-printed monolith. Compared to the self-standing MOF
monoliths fabricated by 3D printing in our previous work 2, UTSA-16 supported on metaldoped kaolin monoliths exhibited better mechanical integrity with tenfold enhancement in
mechanical strength. Overall, the high MOF loading and promising mechanical rigidity
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suggest an improvement upon our previously reported monoliths and a unique potential for
industrial application.
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10 Co-kaolin UTSA-16@10Co-kaolin

Figure 2. Comparison of the sustained compression load for 3D-printed monoliths.

To confirm the deposition of the MOF and retention of its crystallinity after loading,
the XRD spectra for bare kaolin, 10 wt% Co-kaolin, UTSA-16@10Co-kaolin, and UTSA16 powder were measured as shown in Figure 3. Correlating to established UTSA-16
diffraction peaks, both the loaded monolith and pristine powder displayed similar peak
intensities at 8, 12, 14, 22, and 30º 2–5,25,27 which further confirmed the observed deposition
was indeed UTSA-16 and that its formation was not significantly affected by the kaolin
support or Co precursor. Notably, there is a distinctive decrease in diffractive intensity
between the powder and the loaded monolith; however, the loaded monolith exhibited
some, albeit rather small, diffractive indices comparable to the Co-kaolin monolith. It
should be stated here that the characteristic peaks in the spectrum of uncalcinated kaolin
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clay are assigned to (001) and (004) planes of kaolinite which disappeared after calcination
and only quartz and illite peaks were retained. Moreover, diminishing the CoO peak at 37°
(in the spectrum of 10Co-kaolin monolith) after UTSA-16 growth could be attributed to
the fact that CoO was converted into UTSA-16 during crystal growth.

(101)

Bare kaolin
10Co-kaolin
UTSA-16@10Co-kaolin
UTSA-16 powder

(112)
(200)

Intensity (a.u.)

(316)

(004)
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20
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40
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Figure 3. XRD spectra for bare kaolin, Co-kaolin, UTSA-16@10Co-kaolin, and UTSA16 powder.

To confirm the presence of Co within the bare monolith as well as to confirm its
successful conversion into UTSA-16, the EDS spectra were collected. As shown in Figure
4, both 10Co-koalin and UTSA-16@10Co-koalin exhibited characteristic peaks for Al and
Si which are consistent with those of kaolin from literature
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. Both monoliths also

exhibited characteristic peaks consistent with Co and O. While some oxygen content came
from the kaolin’s SiO2 and Al2O3 quartz, the CoO contained within the 10Co-koalin and
the UTSA-16 can be considerable sources as well. It should also be noted here that the Au
and Pd peaks in the spectra of both monoliths came from the Au and Pd used for sample
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preparation prior to SEM. Correlating to the high MOF loading, Figure 4b exhibits EDS
uptakes of five and seven times the peak intensity for C and K concentrations, respectively
from the 10Co-koalin to the UTSA-16@10Co-koalin. Being established chemical
constituents of UTSA-16 25,27,35, the uptakes in C and K confirm the successful growth of
UTSA-16. Notably, the UTSA-16@10Co-koalin exhibited substantially higher
concentrations of both Si and Al. Because the internal Co was expected to convert into
UTSA-16, this result is expected given that the internalized metal was dispersed across the
monolith to form the MOF. In summary, the EDS measurements verify the successful
doping of CoO within the kaolin support and confirm the presence of MOF UTSA-16.

5000

5000

a)

UTSA-16@10Co-kaolin

O

O

3000

Intensity (counts)

4000

Intensity (counts)

b)

Co 10Co-kaolin

Si
Al

2000

4000

2000

C
Co

1000

C

Au

Pd

Au Pd

Co

K

K

Al
3000

Co
1000

Co

Si

Co

0

0
0

200

400

600

Energy (keV)

800

1000

0

200

400

600

800

1000

Energy (keV)

Figure 4. EDS measurements of (a) 10Co-kaolin and (b) UTSA-16@10Co-kaolin
monoliths from 0-1000 keV.

EDS elemental mapping for Co and K was performed to demonstrate the uniformity
of the MOF crystals grown within the 3D-printed monolith matrix. The results are
presented in Figure 5 for 10Co-kaolin and (d-f) UTSA-16@10Co-kaolin monoliths. The
elemental mapping of the 10Co-kaolin showed that the Co was uniformly dispersed within
the kaolin monolith (Figure 5b), indicative of uniform mixing throughout the structure
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during paste preparation and printing process. Similarly, an even distribution of Co was
observed after MOF growth, as evident from Figure 5e. The elemental mapping for K was
also presented before and after UTSA-16 formation to further prove the successful growth
of the UTSA-16 within the kaolin monolith. It should be noted that the small amount of K
detected from the 10Co-kaolin stemmed from the EDS background (Figure 5c). As
exhibited in Figure 5f, the UTSA-16@10Co-kaolin contained well-dispersed K crystals
within its framework structure with much larger concentration compared to that of 10Cokaolin shown in Figure 5c. Overall, Figure 5 indicates both an even distribution of Co
within the monolith as well as its successful conversion into UTSA-16.

Figure 5. Elemental mapping images of (a-c) 10Co-kaolin and (d-f) UTSA-16@10Cokaolin.

The N2 physisorption isotherms and PSD profiles are displayed in Figure 6 with the
corresponding textural characteristics being summarized in Table 3. As evident from
Figure 6a, the loaded monolith displayed similar isotherms to the pristine UTSA-16 powder
and exhibited a sharp increase in the N2 uptake with no noticeable change over the higher
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partial pressures. The PSD curves in Figure 6b further confirmed the microporous nature
of the UTSA-16 in both the monolith and powder forms by displaying intense NLDFT
peaks below 2 nm albeit with slightly lower pore volume for the loaded monolith. Unlike
our previous works

2,4

which exhibited notable pore blockage and correspondingly low

pore volumes, this novel approach only exhibits a slight change in pore volume between
the loaded monolith and pristine powder.
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Figure 6. N2 physisorption isotherms and PSD curves for (a-b) UTSA-16@10Co-kaolin
and UTSA-16 powder, and (c-d) bare kaolin and bare 10Co-kaolin.

Moreover, as illustrated in Figure 6c, a type II isotherm was obtained for the bare
kaolin monolith with significantly lower N2 uptake than the MOF samples due to its low
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porosity and surface area. Thus, it may be concluded that the observed pore volume for the
UTSA-16@10Co-kaolin monolith was imparted by the MOF and not by the support
material. Moreover, the PSD curve of the bare kaolin (Figure 6d) highlighted two distinct
pore sizes in the range of 4 and 53 nm while the UTSA-16@10Co-kaolin exhibited a pore
diameter of 2 nm. Because the Co seed was distributed within the monolith, it was
theorized that MOF growth would be contained within the support pores. Overall, the
decreased pore diameter exhibited in Figure 6 indicates that such a phenomenon occurred
as the UTSA-16@10Co-kaolin displayed full microporosity. Moreover, these results are
further evidenced by the EDS results which also are indicative of an internal MOF growth
via Co conversion.
From Table 3, the estimated BET surface areas for the kaolin and UTSA-16@10Cokaolin monoliths and the UTSA-16 powder were found to be 10, 620 and 630 m2/g,
respectively which were comparable to the previously reported literature data

25,27,32–35

.

Similarly, the UTSA-16 loaded monolith achieved 97% of the pristine powder’s micropore
volume (0.3 cm3/g). On the basis of these results, it can be deduced that only a marginal
difference between the two was present. Further demonstrating their similarities, the
average pore diameters were within 10% of one another being 2.0 and 2.2 nm for the loaded
monolith and UTSA-16 powder, respectively. Notably, the textural characteristics of the
CO-kaolin monolith were comparable to those of the bare kaolin implying that the Co
addition did not significantly alter the bare kaolin’s textural properties. Moreover, the
improved textural properties obtained in this study further highlights the superiority of the
approach taken to prepare the MOF monoliths, as compared with previously reported
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methods.2–5 Nevertheless, further optimization may be necessary to universalize this
approach across other MOF platforms.

Table 3. Textural properties of the 3D-printed monoliths and UTSA-16 powder.

Material

BET surface
areaa
(m2/g)
10
10
620

Micropore
volumeb
(cm3/g)
0.01
0.05
0.29

Mesopore
volumec
(cm3/g)
0.03
0.02
0.00

Pore
diameter
(nm)
4, 53
9, 50
2.0

Bare kaolin
10Co-kaolin
UTSA-16@10Cokaolin
UTSA-16 powder
630
0.30
0.00
2.2
a
BET surface area was obtained by analyzing nitrogen adsorption data at 77 K in a
relative vapor pressure ranging from 0.1 to 0.3.
b
c

Micropore volume was obtained using the NLDFT method.

Mesopore volume was obtained using the NLDFT method.

By investigating the morphology of the MOF-loaded monolith by SEM, the
successful deposition of MOF crystals onto and within the kaolin pore network was
confirmed, as evident from Figure 7a-d. The UTSA-16 crystals showed similar
morphology to that of reported UTSA-16 in the literature

25,27

. Additionally, it may be

noted that a dense surface deposition layer was not clearly observed on the monolithic as
present in our earlier works

2–5

. Per our original hypothesis, the metal seed promoted a

sizable UTSA-16 internal formation rather than a relatively small surface layer as
witnessed previously. Additionally, Figure 7c demonstrates an even crystal dispersion
across the monolithic surface with crystals ranged in size from 0.1–10 μm. The abundant
MOF crystals within the kaolin matrix shown in Figure 7c-d confirmed the high MOF
loading for this monolith. As a whole, the micrographs presented in Figure 7 are in
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agreement with our BET experimentation and conclusively demonstrate the presence of an
internal MOF formation.

Figure 7. (a-b) Surface and (c-d) internal UTSA-16 deposition on 3D-printed 10Cokaolin monolith.

3.3. ADSORPTION ISOTHERMS AND SELECTIVITIES
The CO2 adsorption isotherms obtained at 25 ºC are presented in Figure 8. The 3Dprinted bare kaolin monolith did not exhibit any appreciable CO2 uptake, whereas the
UTSA-16@10Co-kaolin gave rise to an uptake of 3.1 mmol/g, which was 89% of the
uptake over the UTSA-16 powder. The obtained capacity was proportional to the MOF
loading obtained from TGA and in agreement with the surface area and porosity results as
well as known UTSA-16 CO2 adsorption capacities from literature 25,27,35. The CO2 uptake
reported herein was much higher than those reported in our previous studies

2–5

which

renders this MOF-monolith preparation method a promising approach for its scale-up. The
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CO2 uptake reported in Figure 8 confirms that the presence of kaolin within the 3D-printed
monolith did not negatively affect the CO2 adsorption capacity. While the crystal sizes
were, relatively nonuniform, any depreciable ramifications appear to be statistically
insignificant.
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Figure 8. CO2 isotherms for bare kaolin, UTSA-16@10Co-kaolin, and UTSA-16 powder
at 25 ºC.

To demonstrate the separation performance of the 3D-printed UTSA-16@10Cokaolin monolith, the adsorption isotherms of CH4, N2, and H2 were also collected and
compared to that of CO2 as shown in Figure 9a. At 1 bar and 25 ºC, the UTSA-16@10Cokaolin monolith achieved adsorption capacities of 0.5 and 0.1 mmol/g for CH4 and N2
respectively with no appreciable H2 uptake. Using ideal-adsorbed solution theory, the
corresponding CO2/CH4, CO2/N2, and CO2/H2 selectivities were estimated from the pure
gas isotherms and the results are displayed in Figure 9b-d. As measured, the MOF-loaded
monolith ascertained CO2/CH4, CO2/N2 and CO2/H2 selectivities of 49, 238 and 3725,
respectively. For UTSA-16, the CO2/CH4 and CO2/N2 selectivity values of 50 and 400 have
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been previously reported 25,36 while the H2/CO2 selectivity is known to be near zero across
all pressures. On the basis of these results, it was concluded that the monolithic loading did
not alter the UTSA-16 adsorptive characteristics.

50.0

4.5

a)

49.5

Selectivity (CO2 / CH4)

3.5

Adsorption (mmol/g)

b)

CO2
CH4
N2
H2

4.0

3.0
2.5
2.0
1.5
1.0
0.5

49.0
48.5
48.0
47.5
47.0
46.5

0.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.8

1.0

Mole Fraction (CO2)

Pressure (bar)
245

4000

c)

d)

240

Selectivity (CO2 / H2)

Selectivity (CO2 / N2)

3950

235

230

3900
3850
3800
3750

225

3700
220
0.0

0.2

0.4

0.6

0.8

1.0

Mole Fraction (CO2)

3650
0.0

0.2

0.4

0.6

Mole Fraction (CO2)

Figure 9. (a) CO2, CH4, N2, and H2 isotherms, (b) CO2/CH4, (c) CO2/N2, and (d) CO2/H2
selectivity profiles for UTSA-16@10Co-kaolin monolith at 25 ºC.

3.4. BREAKTHROUGH EXPERIMENTS
The dynamic adsorption performance of the MOF-loaded monolith was evaluated
through breakthrough tests. The 3D-printed UTSA-16@10Co-kaolin monolith was
exposed to three binary gas mixtures including 50% CO2/CH4, 10% CO2/N2, and 60%
CO2/H2 with a flow rate of 30 mL/min at 25 ºC. Presented in Figure 10a-c, the breakthrough
profiles clearly indicate the excellent separation potential of the 3D-printed MOF monolith
across various binary gas mixtures. In accordance with the adsorption isotherms and
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selectivity curves, the monolith exhibited a longer breakthrough time for CO2 than CH4,
N2 and H2 across all three gas mixtures indicative of a substantial adsorption capacity. For
equimolar CO2/CH4 gas mixture, a selectivity of 28 was obtained with a CO2 breakthrough
time of 126 s which was close to that estimated from the isotherms at this concentration.
Similarly, a selectivity of 50 was obtained for 10% CO2/N2 with a CO2 breakthrough time
of 400 s. No selectivity value could be estimated from the concentration fronts of CO2 and
H2 because the loaded monolith had no affinity towards H2, however, the sample displayed
a CO2 breakthrough time of 215 s. These breakthrough profiles clearly demonstrate the
excellent capability of the UTSA-16@10Co-kaolin monolith in selectively separating CO2
from various gas mixtures.
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Figure 10. Breakthrough profiles for (a) CO2/CH4, (b) CO2/N2, and (c) CO2/H2 over
UTSA-16@10Co-kaolin monolith at 25 ºC and 1 bar.

4. CONCLUSIONS

In this work, a synthesis method utilizing 3D-printing and reactive seeding to form
UTSA-16 deposition into 3D-printed Co-kaolin monolith was investigated. Exhibiting a
higher deposition than previously reported for UTSA-16, this technique gave rise to 90
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wt% MOF loading. Demonstrating similar characteristics to pristine UTSA-16, the
characterization measurements thoroughly revealed an unaffected UTSA-16 formation
within the kaolin macropores which was not present in our previous works. Moreover, the
substantial adsorption capacities demonstrated by the loaded monolith suggest a distinctive
similarity to the powder and further validated its capability as an efficient gas-solid
contactor. In addition, the 3D-printed UTSA-16@10Co-kaolin monolith demonstrated
excellent separation potential for capturing CO2 from CH4, N2, and H2. While further
optimization is necessary for universal application, the characteristics contained herein
demonstrate significant promise for the utilization of 3D-printed UTSA-16 monoliths for
adsorptive separation processes. In turn, this facile, simplistic, technique could yield
sustainable, economic, and efficient gas separation on an industrialized scale.

ACKNOWLEDGEMENT

The authors would like to thank financial support from NASA-EPSCoR through the
project NNX15AK38A. The Materials Research Center (MRC) of Missouri S&T is
acknowledged for allowing to use SEM and XRD facilities.

REFERENCES

(1)

Al-Mamoori, A.; Krishnamurthy, A.; Rownaghi, A. A.; Rezaei, F. Carbon Capture
and Utilization Update. Energy Technol. 2017, 5 (6), 834–849.

(2)

Thakkar, H.; Eastman, S.; Al-Naddaf, Q.; Rownaghi, A. A.; Rezaei, F. 3D-Printed
Metal-Organic Framework Monoliths for Gas Adsorption Processes. ACS Appl.
Mater. Interfaces 2017, 9 (41), 35908–35916.

39
(3)

Lawson, S.; Rownaghi, A. A.; Rezaei, F. Development of Carbon Hollow FiberSupported Metal-Organic Framework Composites for Gas Adsorption. Energy
Technol. 2017.

(4)

Lawson, S.; Hajari, A.; Rownaghi, A. A.; Rezaei, F. MOF Immobilization on the
Surface of Polymer-Cordierite Composite Monoliths through in-Situ Crystal
Growth. Sep. Purif. Technol. 2017, 183, 173–180.

(5)

Rezaei, F.; Lawson, S.; Hosseini, H.; Thakkar, H.; Hajari, A.; Monjezi, S.;
Rownaghi, A. A. MOF-74 and UTSA-16 Film Growth on Monolithic Structures and
Their CO2 Adsorption Performance. Chem. Eng. J. 2017, 313, 1346–1353.

(6)

Hedin, N.; Andersson, L.; Bergström, L.; Yan, J. Adsorbents for the PostCombustion Capture of CO2 Using Rapid Temperature Swing or Vacuum Swing
Adsorption. Appl. Energy 2013, 104, 418–433.

(7)

Rezaei, F.; Webley, P. Structured Adsorbents in Gas Separation Processes. Sep.
Purif. Technol. 2010, 70 (3), 243–256.

(8)

Ramos-Fernandez, E. V.; Garcia-Domingos, M.; Juan-Alcañiz, J.; Gascon, J.;
Kapteijn, F. MOFs Meet Monoliths: Hierarchical Structuring Metal Organic
Framework Catalysts. Appl. Catal. A Gen. 2011, 391 (1–2), 261–267.

(9)

Darunte, L. A.; Terada, Y.; Murdock, C. R.; Walton, K. S.; Sholl, D. S.; Jones, C.
W. Monolith-Supported Amine-Functionalized Mg2(dobpdc) Adsorbents for CO2
Capture. ACS Appl. Mater. Interfaces 2017, 9, 17042−17050.

(10)

Wang, Z.; Liu, J.; Grosjean, S.; Wagner, D.; Guo, W.; Gu, Z.; Heinke, L.; Gliemann,
H.; Bräse, S.; Wöll, C. Monolithic, Crystalline MOF Coating: An Excellent
Patterning and Photoresist Material. ChemNanoMat 2015, 1, 338–345.

(11)

Hong, W. Y.; Perera, S. P.; Burrows, A. D. Manufacturing of Metal-Organic
Framework Monoliths and Their Application in CO2 Adsorption. Microporous
Mesoporous Mater. 2015, 214, 149–155.

(12)

Küsgens, P.; Zgaverdea, A.; Fritz, H. G.; Siegle, S.; Kaskel, S. Metal-Organic
Frameworks in Monolithic Structures. J. Am. Ceram. Soc. 2010, 93 (27092), 2476–
2479.

(13)

Ranjan, R.; Tsapatsis, M. Microporous Metal Organic Framework Membrane on
Porous Support Using the Seeded Growth Method. Chem. Mater. 2009, 21 (20),
4920–4924.

(14)

Liu, X.; Fu, W. T.; Bouwman, E. One-Step Growth of Lanthanoid Metal-Organic
Framework (MOF) Films under Solvothermal Conditions for Temperature Sensing.
Chem. Commun. 2016, 52, 6926–6929.

40
(15)

Zhakeyev, A.; Wang, P.; Zhang, L.; Shu, W.; Wang, H.; Xuan, J. Additive
Manufacturing: Unlocking the Evolution of Energy Materials. Adv. Sci. 2017,
1700187, 1–44.

(16)

Couck, S.; Lefevere, J.; Mullens, S.; Protasova, L.; Meynen, V.; Desmet, G.; Baron,
G. V.; Denayer, J. F. M. M. CO2, CH4 and N2 Separation with a 3DFD-Printed ZSM5 Monolith. Chem. Eng. J. 2017, 308, 719–726.

(17)

Couck, S.; Cousin, J.; Remi, S.; Perre, S. Van Der; Baron, G. V; Ruch, P.; Denayer,
J. F. M. 3D-Printed SAPO-34 Monoliths for Gas Separation. Microporous
Mesoporous Mater. 2018, 255, 185–191.

(18)

Zhao, J.; Nunn, W. T.; Lemaire, P. C.; Lin, Y.; Dickey, M. D.; Oldham, C. J.; Walls,
H. J.; Peterson, G. W.; Losego, M. D.; Parsons, G. N. Facile Conversion of Hydroxy
Double Salts to Metal-Organic Frameworks Using Metal Oxide Particles and
Atomic Layer Deposition Thin-Film Templates. J. Am. Chem. Soc. 2015, 137 (43),
13756–13759.

(19)

Pimentel, B. R.; Fultz, A. W.; Presnell, K. V; Lively, R. P. Synthesis of WaterSensitive Metal − Organic Frameworks within Fiber Adsorbent Modules. Ind. Eng.
Chem. Res. 2017, 56, 5070−5077.

(20)

Thakkar, H. V.; Eastman, S.; Hajari, A.; Rownaghi, A. A.; Knox, J. C.; Rezaei, F.
3D-Printed Zeolite Monoliths for CO2 Removal from Enclosed Environments. ACS
Appl. Mater. Interfaces 2016, 8, 27753−27761.

(21)

Thakkar, H.; Eastman, S.; Al-Mamoori, A.; Hajari, A.; Rownaghi, A. A.; Rezaei, F.
Formulation of Aminosilica Adsorbents into 3D-Printed Monoliths and Evaluation
of Their CO2 Capture Performance. ACS Appl. Mater. Interfaces 2017, 9 (8), 7489–
7498.

(22)

Li, X.; Li, W.; Rezaei, F.; Rownaghi, A. Catalytic Cracking of N-Hexane for
Producing Light Olefins on 3D-Printed Monoliths of MFI and FAU Zeolites. Chem.
Eng. J. 2017, 333, 545–553.

(23)

Wu, X.; Bao, Z.; Yuan, B.; Wang, J.; Sun, Y.; Luo, H.; Deng, S. Microwave
Synthesis and Characterization of MOF-74 (M = Ni, Mg) for Gas Separation.
Microporous Mesoporous Mater. 2013, 180, 114–122.

(24)

Grant Glover, T.; Peterson, G. W.; Schindler, B. J.; Britt, D.; Yaghi, O. MOF-74
Building Unit Has a Direct Impact on Toxic Gas Adsorption. Chem. Eng. Sci. 2011,
66 (2), 163–170.

(25)

Xiang, S.; He, Y.; Zhang, Z.; Wu, H.; Zhou, W.; Krishna, R.; Chen, B. Microporous
Metal-Organic Framework with Potential for Carbon Dioxide Capture at Ambient
Conditions. Nat. Commun. 2012, 3, 954.

41
(26)

Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G.; Williams, I. D. A
Chemically Functionalizable Nanoporous Material [Cu3(TMA)2 (H2O)3](n).
Science (80-. ). 1999, 283 (5405), 1148–1150.

(27)

Masala, A.; Vitillo, J. G.; Bonino, F.; Manzoli, M.; Grande, C. A.; Bordiga, S. New
Insights into UTSA-16. Phys. Chem. Chem. Phys. 2016, 18 (1), 220–227.

(28)

Bromberg, L.; Diao, Y.; Wu, H.; Speakman, S. A.; Hatton, T. A. Chromium(III)
Terephthalate Metal Organic Framework (MIL-101): Hf-Free Synthesis, Structure,
Polyoxometalate Composites, and Catalytic Properties. Chem. Mater. 2012, 24 (9),
1664–1675.

(29)

Brennan, P. J.; Thakkar, H.; Li, X.; Rownaghi, A. A.; Koros, W. J.; Rezaei, F. Effect
of Post-Functionalization Conditions on the Carbon Dioxide Adsorption Properties
of Aminosilane-Grafted Zirconia/Titania/Silica-Poly(amide-Imide) Composite
Hollow Fiber Adsorbents. Energy Technol. 2017, 5, 327–337.

(30)

Conner, B. P.; Manogharan, G. P.; Martof, A. N.; Rodomsky, L. M.; Rodomsky, C.
M.; Jordan, D. C.; Limperos, J. W. Making Sense of 3-D Printing: Creating a Map
of Additive Manufacturing Products and Services. Addit. Manuf. 2014, 1, 64–76.

(31)

Lee, J. Y.; An, J.; Chua, C. K. Fundamentals and Applications of 3D Printing for
Novel Materials. Appl. Mater. Today 2017, 7, 120–133.

(32)

Lagaly, G. Characterization of Clays by Organic Compounds. Clay Miner. 1981, 16,
1–21.

(33)

Diamond, S. Pore Size Distributions in Clays. Clays Clay Miner. 1970, 18, 7–23.

(34)

Wang, H.; Li, C.; Peng, Z.; Zhang, S. Characterization and Thermal Behavior of
Kaolin. J. Therm. Anal. Calorim. 2011, 105 (1), 157–160.

(35)

Shen, Y.; Li, Z.; Wang, L.; Ye, Y.; Liu, Q.; Ma, X.; Chen, Q.; Zhang, Z.; Xiang, S.
Cobalt–citrate Framework Armored with Graphene Oxide Exhibiting Improved
Thermal Stability and Selectivity for Biogas Decarburization. J. Mater. Chem. A
2015, 3, 593–599.

(36)

Agueda, V. I.; Delgado, J. A.; Uguina, M. A.; Brea, P.; Spjelkavik, A. I.; Blom, R.;
Grande, C. Adsorption and Diffusion of H2, N2, CO, CH4 and CO2 in UTSA-16
Metal-Organic Framework Extrudates. Chem. Eng. Sci. 2015, 124, 159–169.

42
II. AMINE-FUNCTIONALIZED MIL-101 MONOLITHS FOR CO2 REMOVAL
FROM ENCLOSED ENVIRONMENTS
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ABSTRACT

Amine-functionalized metal-organic frameworks (MOFs) are facile adsorbents for
CO2 removal from enclosed environments. In this study, we prepared polyethyleneimine
(PEI) and tetraethylenepentamine (TEPA) impregnated MOF-monoliths using 3D printing
technique, through pre- and post-functionalization approaches, and evaluated their CO2
capture performances. For pre-impregnation, MIL-101 powder was impregnated with PEI
or TEPA and printed to form the monoliths. Meanwhile, the post-impregnation technique
directly printed the MOF powder and secondarily impregnated the monoliths with TEPA
or PEI. The adsorption analysis results indicated that all impregnated monoliths showed
improved CO2 capacities from the pristine monolith at dilute concentrations, and preimpregnation yielded higher CO2 uptakes than post-impregnation. Specifically, the preimpregnated TEPA and pre-impregnated PEI monoliths, with 3.5 and 5.5 mmol N/g amine
content, respectively, displayed a capture capacity of ~1.4 mmol/g at 3000 ppm and 25 ºC.
From CHN analysis, post-impregnation yielded ~ 50 wt% less N content than preimpregnation which was attributed to reduced diffusion of aminopolymers into the MOF
pores. This was further evidenced by the textural properties which showed nearly threefold
increases in pore volume and twofold increase in surface area for post-impregnation over
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pre-impregnation. In turn, pre-impregnated TEPA-MIL-101 exhibited the highest amine
efficiency of 0.46 mmol CO2/mmol N. Furthermore, the TEPA grafting occurred during
paste densification at 50 °C and resulted in enhanced stability of TEPA-MIL-101
monoliths. Despite high adsorption capacity, the adsorptions kinetics were found to be
relatively slow over 3D-printed amine-loaded MIL-101 monoliths, especially the preimpregnated monoliths, because the adsorption rate was limited by the CO2 molecular
diffusion into the monolith walls. Overall, this study establishes a route to formulate amineMOF monoliths by 3D printing technique; however, the monolith dimensions should be
tuned to optimize adsorption kinetics.
Keywords: 3D printing, monolith, MOFs, Amine impregnation, CO2 adsorption, Enclosed
environment

1. INTRODUCTION

CO2 concentrations of only 2500 ppm in enclosed environments diminish cognitive
functioning, decision making, and critical thinking processes up to 50% from baseline
standards

1–4

. It has been reported that increasing CO2 concentrations in indoor

environments from 600 to 2500 ppm decreases subject test scores from 85% to 25% in
information usage, basic strategy, and initiative 1. In some studies, high levels of indoor air
CO2 in classrooms has been correlated to poor academic participation and student
attendance

5,6

. Although relatively benign in low risk scenarios, such effects could yield

life-threating ramifications aboard hostile environments, such as space craft or submarines.
Various techniques such as passive control by sorption have been proposed to lower
the CO2 level in indoor environments 7. In enclosed environments such as spacecraft or
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submarines, the CO2 removal is achieved by a capture system that relies on pressure or
temperature swing adsorption (PSA/TSA) process. In such systems, the adsorbent
configuration is typically pellet or bead which often times suffer from attrition and
decomposition in the presence of humidity 8–14. We have previously shown that these flaws
could be mitigated through replacing beads or pellets with structured contactors that not
only exhibit comparable removal performance but also high mechanical stability 4,15–20.
With the aim of developing monolithic adsorbents that could be used in CO2
removal systems, we recently embarked on a study to shape various adsorbents including
zeolites, aminosilicates, metal-organic frameworks, and polymer-zeolite composites via
3D printing technique

4,16–22

. In particular, we developed several printing approaches to

formulate MOF-74 and UTSA-16 into monolithic contactors for CO2 capture and managed
to improve both MOF loading and mechanical stability of the printed structures 17,19,21. Not
only does printing allow for 80-90 wt% adsorbent loading, but also, these materials can be
easily tuned to fit any column.
To enable an efficient capture process for enclosed environments, it is crucial to
select an adsorbent that exhibits sharp adsorption uptake at ultralow pressures

23–27

.

Recently, through structure modification and subsequent amine functionalization, Darunte
et al.

23

demonstrated the applicability of polyethylenimine (PEI)-impregnated MIL-101

for dilute CO2 capture. It was shown that 85 wt% PEI impregnation yields 1.0 mmol/g CO2
adsorption capacity at 400 ppm

23

. Similarly, Yoon et al.

26

hybridized

tetraethylenepentamine (TEPA) impregnation with secondary grafting to achieve high CO2
selectivity at low partial pressures and minimal leeching over eleven adsorption-desorption
cycles. Although promising, fluidizing amino-MOF powders would cause scattering which
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could destroy sensitive equipment in confined spaces. Therefore, such materials should be
formed into structured contactors prior to use to address this flaw. By applying 3D printing
technique to amino-MOFs, high capacity, stable adsorbents for enclosed CO2 capture could
be produced.
Motivated by these prospects, we embarked on a study to formulate amino-MOF
monoliths for CO2 adsorption at dilute concentrations using 3D printing. To make
monoliths, we followed a pre-functionalization approach whereupon amino-MOF
monoliths were formed by directly printing the PEI- and TEPA-impregnated MIL-101
powders. A combination of grafting and impregnation methods was utilized to prepare
TEPA-MIL-101 materials. Additionally, TEPA and PEI were impregnated onto pristine
MIL-101 monolith through a post-functionalization approach to determine the best strategy
for formulating amine-functionalized MOFs. The developed monoliths and their powder
analogues were then tested for dilute CO2 capture to simulate enclosed environments.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
The following materials were received without modification from Sigma-Aldrich
for materials synthesis: Cr(NO3)3.9H2O, terephthalic acid (H2BDC) (98%), PVA (98%),
TEPA (technical grade), bentonite clay (Sigma-Aldrich) and branched PEI-800. Glacial
acetic acid was diluted to 35 wt% for MOF synthesis. The following ACS grade chemicals
were also used: acetanilide, DMF, methanol, acetone, toluene, ethanol, hexane,
chloroform. All UHP grade gases were purchased from Airgas.
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2.2. MIL-101
SYNTHESIS,
FORMULATION

IMPREGNATION,

AND

MONOLITH

MIL-101 was synthesized with the acetic acid/seeded approach detailed elsewhere
23

. For impregnation, the inert atmosphere was generated by flowing 15 mL/min of air

through an XPERT Weigh, Labconco, glovebox. 85 wt% amine was used for all samples
to maintain consistency. The ratios in Table 1 and our established techniques 4,17,19–22 were
used to print amino-MOF monoliths. Three monoliths, denoted as MIL-101M, PEI-MIL101MB, and TEPA-MIL-101MB, were formed by our 3D printing approach. MeOH was
the primary solvent because of its use during MOF activation. About 3-5 drops of
Deionized (DI) water were mixed in by hand immediately before printing to achieve an
extrudable rheology.

Table 1. 3D-printed monoliths paste compositions.
Paste
MIL-101M
PEI-MIL-101MB
TEPA-MIL-101MB

Support
(wt%)
80
80
75.3

Bentonite
Clay (wt%)
15
15
20

PVA
(wt%)
5
5
4.7

MeOH:DI
(mL:mL)
9:1
1:1
9:1

The pre- and post-impregnated approaches followed to form amino-MOF
monoliths are schematically depicted in Figure 1. It should be noted that TEPA-MIL101MB exhibited high cyclic stability and it was discovered that amine grafting occurred
during paste densification whereupon the paste underwent rigorous spinning at 500 rpm
while heated at 50 °C and sonicated for 2 h. For comparison, we prepared another TEPA-
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MIL-101 sample that underwent the paste densification step; similar to the monolith
sample 4,17,19–22.

Figure 1. Formation processes for pre- and post-impregnated MIL-101 monoliths.

This sample was prepared by first mixing 0.2 g of pristine TEPA-MIL-101, 18 mL
MeOH, and 2 mL DI water, and then letting the formed paste densify at 50 °C. This sample
is denoted as TEPA-MIL-101P2. The MIL-101 M underwent a modified impregnation
approach to form the post-impregnated monoliths. Because MeOH was used during
printing, it decomposed the honeycomb matrix upon secondary exposure and was
unsuitable for post-impregnation. Accordingly, alternative solvents, including acetone,
hexane, toluene, DMF, EtOH, and chloroform were considered; however, only chloroform
maintained structural integrity. Lastly, post-impregnation removed all forms of agitation,
including agitation and rotary evaporation, because the structures deteriorated otherwise.
The amine-functionalized monoliths formed by this approach are denoted as PEI-MIL101MA, and TEPA-MIL-101MA.
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2.3. MATERIAL CHARACTERIZATION
Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a
Nicolet-FTIR Model 750 spectrometer before and after wet-impregnation to confirm the
amine presence. CHN analysis was performed on a CE-440 elemental analyzer with an
acetanilide standard to determine the amine content of the samples. Textural properties
were evaluated by N2 physisorption at 77 K on a Micromeritics (3Flex) gas analysis system.
Samples were degassed on a Micromeritics Smart VacPrep at 110 °C before measurements.
TEPA samples were degassed for 30 min to minimize leeching while all other samples
were degassed for 1 h. The surface area and pore size distributions (PSD) were calculated
by Brunauer−Emmett−Teller (BET) and nonlocal density functional theory (NLDFT)
methods.

2.4. CO2 ADSORPTION MEASUREMENTS
A Q500 thermogravimetric analyzer (TA Instruments) was used to measure 3000
ppm CO2 adsorption capacities and fractional uptakes at room temperature. The fractional
uptake calculations can be found in our previous work 15. Samples were degassed at 110
ºC with 40 mL/min N2 flow rate and a ramp rate of 10 ºC/min. For the pristine MOF and
PEI-loaded samples, degassing occurred for 60 min, whereas TEPA samples were
regenerated for 10 min to reduce leeching. The samples were equilibrated at 25 ºC and
exposed to 60 mL/min of 3000 ppm CO2 for 180 min. Five adsorption-desorption cycles
were performed to determine any degree of CO2 capacity loss for amine-based monoliths.
Additionally, CO2 adsorption isotherms were measured at 25 ºC on 3Flex where the
samples were degassed using the conditions stated in previous section.

49
3. RESULTS AND DISCUSSION

3.1. MATERIAL CHARACTERIZATION
Bare and amine-functionalized MIL-101 powders were printed to form the
structures in Figure 2. In the amine monoliths, the channels are wider than in the pristine
MOF because the paste rheology required a drastic ~80% reduction in printing speed. It is
worth noting here that this work considers the maximum effective amine loading which
produced an elasticized paste rheology. With MIL-101M, our previous paste formation
techniques

17,19–21

were effective; however, the amino-MOF monoliths required

modification to achieve printing. This process could be further optimized by increasing the
binder/support ratio or by reducing the amine content 17,19–21. The printed monoliths were
1.30 cm in diameter with cell density of ~200 cpsi.

Figure 2. Bare (left) and amine-functionalized (right) MIL-101 monoliths.

Figure 3 compares the FTIR spectra for bare and amine-impregnated MIL-101
samples in both powder and monolith forms. The pristine MOF contains stretching
vibrations at 3500, 1625, 1400, and 1100 cm-1 coinciding with literature band data 28–32.
The bands at 3500 and 1400 cm-1 are attributed to O-H stretching vibration in the MOF’s
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hydrated Cr center whereas the peak at 1625 cm-1 is due to C = C band in the terephthalate
linker 33. The peak at 1100 cm-1 corresponds to the C-O bond in the MeOH used during
MOF activation process

33

. The additional peaks observed at 1000 and 3700 cm-1

correspond to C-O bands in the PVA and O-H bonds in the bentonite clay, respectively
.
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Figure 3. FTIR spectra for (a) bare MIL-101, (b) TEPA-MIL-101, and (c) PEI-MIL-101
powder and monolith samples.

Furthermore, the amino-MOF materials displayed a broad peak in the range of
3600-2750 cm-1 associated with hydroxyl bands and a sharp peak at 1625 cm-1 which is
associated with C-N bending vibration, as shown in Figure 3b – 3c, which implies the
successful incorporation of amine moieties into the MOF structure 38–41. Notably, the slight
discrepancy in the spectra of pre- and post-impregnated monoliths could be associated with
the amine bands overlapping with those of pre-existing MOF. From Figure 3, both routes
clearly produce amine-loaded samples; however, the amino-wavelengths coincide with the
pre-existing MOF bands, thus minor functional differences between pre- and postimpregnation are likely obscured. Nevertheless, TEPA-MIL-101MB contains a small peak
at 1125 cm-1 which is not present in TEPA-MIL-101MA. From literature

26,42–45

, grafting
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bonds at the Cr center are known to produce bands at this wavelength; however, bentonite
clay produces bands from 1250 – 1000 cm-1 and grafting cannot be considered the sole
contributor. Overall, Figure 3 confirms the amine presence for both pre- and postimpregnation approaches and suggests coordinated Cr grafting for TEPA – MB.
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Figure 4. N2 physisorption isotherms (a-c) and NLDFT pore size distributions (d-f) for
MIL-101, TEPA-MIL-101, and PEI-MIL-101 materials at 77 K.

The N2 physisorption isotherms and PSD profiles are displayed in Figure 4 while
the corresponding textural characteristics are summarized in Table 2. All materials exhibit
Type I isotherms consistent with MIL-101

23

. In Figure 4a, the bare MIL-101 materials

exhibit sharp N2 uptakes at low pressure followed by gradual increase at high pressure;
with the N2 uptake over the monolith comparable to that over the powder. As evident from
Figure 4b-4c, although the amine-impregnated powders and pre-functionalized monoliths
show reduced N2 uptakes as a result of aminopolymers occupying the pores, the N2 uptake
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over post-functionalized monoliths is substantial and comparable to that over the bare MOF
monolith. This is attributed to the lower amine content of the monoliths prepared via postimpregnation.
As further evidenced by our aminosilica work

20

, removing agitation from

impregnation reduces amine diffusion into the pore window and results in higher void
volumes. The difference in the color of the interior and exterior sections of the monolith in
Figure S1, Supporting Information, clearly shows that the aminopolymers did not
completely fill the pores of the MOF crystals resulting in lower amine loading. Figure 4d
shows nearly identical PSD profiles with an average size of 2.3 nm which are in agreement
with the literature 23. The use of acetic acid during MIL-101 synthesis expanded the pore
window to accommodate more amines. The PSD profiles of amine-loaded samples in
Figure 4e-4f indicate that for both powder and monolith forms, the incorporation of TEPA
and PEI reduced the average size of the pores relative to the bare MOF samples. A pore
size of 2 nm was estimated for these samples.
Table 2 summarizes the textural properties and amine loadings from CHN analysis.
MIL-101M exhibits 90% of the powder’s surface area and pore volume which indicates
that deactivation was not present during densification. Upon TEPA and PEI impregnation,
the surface area of the MIL-101 powder was decreased from 2400 to 520 and 480 m2/g,
respectively. Similarly, the pore volume was dropped from 1.17 to 0.32 cm3/g. After
formulating the pre-functionalized materials into monoliths, the surface areas and pore
volumes both decreased indicating the possible pore blockage from the binders. The postimpregnated monoliths, on the other hand, exhibit fourfold increases in surface area and
pore volume over their pre-impregnated counterparts which can be attributed to the reduced
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amine-pore diffusion as discussed previously. This was further evidenced by CHN analysis
where TEPA-MIL-101MB and PEI-MIL-101MB exhibited fourfold and twofold higher N
loadings over TEPA-MIL-101MA and PEI-MIL-101MA, respectively.

Table 2. Textural properties of adsorbents.

MIL-101P

BET surface
areaa (m2/g)
2400

Pore volumeb
(cm3/g)
1.17

Pore diameter
(nm)
2.3

N contentc
(mmol N/gsample)
-

MIL-101M
TEPA-MIL-101P

2200
520

1.12
0.32

2.3
2.0

4.0

TEPA-MIL101MB
TEPA-MIL101MA
PEI-MIL-101P

470

0.25

2.0

3.5

1400

0.76

2.0

0.8

480

0.27

2.0

5.5

PEI-MIL-101MB

460

0.26

2.0

5.3

PEI-MIL-101MA

1230

0.68

2.0

3.2

Material

a

BET surface area was obtained by analyzing nitrogen adsorption data at 77 K in a relative
vapor pressure ranging from 0.1 to 0.3.
b
c

Pore volume was obtained using the NLDFT method.

N content was calculated using CHN analysis.

This was further evidenced by the textural properties where TEPA-MIL-101MA
and PEI-MIL-101MA exhibited BET surface areas of 1400 and 1230 m2/g and pore
volumes of 0.8 and 0.7 cm3/g, respectively. Notably, the pre-impregnated materials showed
similar N loadings to their respective impregnated powders indicating only marginal amine
loss during densification. For TEPA, this was due to the aforementioned grafting while
PEI’s polymer chains led to high adhesion in the pore window

23,25,26,46,47

. Overall, the

54
textural properties and N loadings indicate that pre-impregnation is superior to postimpregnation and show greater potential for PEI post-impregnation over TEPA.

3.2.

ADSORPTION MEASUREMENTS
CO2 adsorption isotherms were collected with 3Flex at 25 ºC as shown in Figure

5. At 1 bar, MIL-101P and MIL-101M samples achieve CO2 adsorption capacities of 1.0
and 0.75 mmol/g, respectively (see Figure 5a), which are consistent with the reported
data in the literature 23,48. The MOF monolith achieves 75% of the powder’s adsorption
uptake in correlation with the loading. From Figure 5b, TEPA-MIL-101P, TEPA-MIL101MB, and TEPA-MIL-101MA achieved adsorption capacities of 3.7, 2.6, and 2.5
mmol/g at 1 bar, respectively.
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Figure 5. CO2 adsorption isotherms for (a) bare MIL-101, (b) TEPA-MIL-101, and
(c) PEI-MIL-101 materials at 25 °C.

Similarly, PEI-MIL-101P, PEI-MIL-101MB and PEI-MIL-101MA exhibited CO2
adsorption capacities of 2.1, 1.7, and 1.4 mmol/g, respectively, at 1 bar. As expected, upon
amine incorporation, the CO2 capture capacity enhances compared to the bare MOF and
the amine-functionalized samples showed rapid uptakes at low partial pressures. In both
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cases, the CO2 uptake is higher over pre-functionalized monoliths than their postfunctionalized analogues which could be attributed to their higher amine content, as noted
earlier. PEI-MIL-101MB exhibits 80% of the adsorption capacity of PEI-MIL-101P which
correlates well to the MOF loading in the monolith and indicates that there was no amine
loss during printing process. In contrast, TEPA-MIL-101MB achieves only 68% of the
uptake capacity of TEPA-MIL-101P which could be attributed to the amine loss during
thickening or reduced accessibility in the grafted amines. Overall, Figure 5 shows that prefunctionalization approach outperforms post-functionalization in CO2 adsorption and
shows potential for low pressure applications. As evident from Figure 5, the CO2
adsorption isotherms were indistinguishable in the pressure range of 0.0 – 0.1 bar, thus to
precisely determine the efficacy of our amine-functionalized MOF monoliths at low partial
pressures, we determined their CO2 adsorption capacity at 3000 ppm CO2 over five
consecutive cycles.
The bare MOF powder and monolith samples exhibited almost negligible capacity
(0.07 and 0.04 mmol/g, respectively) when exposed to 3000 ppm CO2/N2, as expected from
their CO2 adsorption isotherms. For TEPA-based samples, average CO2 uptakes of 1.4, 1.6,
and 0.3 mmol/g are obtained for TEPA-MIL-101P, TEPA-MIL-101MB, and TEPA-MIL101MA, respectively, as shown in in Figure 6a. Notably, while TEPA-MIL-101P exhibits
higher capacity than the TEPA-MIL-101MB in the first cycle, its capacity decreases over
five cycles as a result of amine leaching, thereby exhibiting lower uptake than the monolith.
The surprisingly higher capacity of TEPA-MIL-101MB is attributed to its higher stability
as a result of amine grafting during densification step, as noted earlier. To validate this
hypothesis, we performed a control experiment in which the grafted TEPA powder also
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underwent cyclic adsorption-desorption under similar conditions. As shown in Figure S2,
Supporting Information, an average adsorption capacity of 1.5 mmol/g was obtained for
this sample, which is higher than that of TEPA-MIL-101P, indicating that grafted amine
leads to stable cyclic performance. Such high and stable CO2 adsorption capacity at dilute
concentration renders the 3D printing a facile method in preparing amine-MOF adsorbents.
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Figure 6. CO2 adsorption capacity for (a) TEPA-MIL-101 and (b) PEI-MIL-101 materials
for five cycles at 25 ºC using 3000 ppm CO2/N2.

In comparison, Figure 6b shows CO2 adsorption uptakes of 2.0, 1.4, and 0.6 mmol/g
for PEI-MIL-101P, PEI-MIL-101MB, and PEI-MIL-101MA, respectively. Also, a more
stable performance could be noted for PEI-based samples than for TEPA-based materials.
Relative to the TEPA materials, PEI-MIL-101P and PEI-MIL-101MA both demonstrated
higher CO2 adsorption capacities which can be attributed to their higher amine loadings.
On the other hand, the pre-impregnated TEPA outperformed the pre-impregnated PEI
monolith by 15%. Although the PEI samples had a higher N loading, entanglement in the
bulky polymer chains decreased amine accessibility and produced a lower adsorption
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capacity

23,49

. It should be noted here that grafting the TEPA molecules could reduce the

adsorption capacity by lowering the number of accessible amines

23,50–52

. Potentially,

producing grafted amino-MOF monoliths with larger moieties could address this and
further increase the adsorption uptakes.
Moreover, although the paste preparation and densification steps were all identical
for both TEPA- and PEI-based adsorbents, grafting occurred only for TEPA and not for
PEI, which could be correlated with the shorter chains of the TEPA relative to PEI requiring
less activation energy to orient properly for grafting. This is further evidenced in literature
where PEI-grafted require materials require strong cross-linking agents such as NaH,
methane sulfonic acid, or NaOH or highly reactive functional groups such as
chloromethylstyrene (CMS), modified epoxides, to facilitate grafting.53–57 On the other
hand, TEPA grafting can be performed directly on metallic centers because of its lower
activation energy.24,26,58 To further analyze the effectiveness of the amine-functionalized
adsorbents, the amine efficiency values were estimated from 3000 ppm TGA tests and the
results are depicted in Figure 7. For TEPA-based samples, TEPA-MIL-101MB displays the
maximum amine efficiency of 0.46 mmol CO2/mmol N, which is very close to its
theoretical value (0.5 mmol CO2/mmol N under dry) under dry conditions. For PEI-based
samples however, the maximum amine efficiency (0.36 mmol CO2/mmol N) is obtained
for PEI-MIL-101P. The PEI’s lower amine efficiency of PEI samples relevant to their
TEPA counterparts is attributed to the reduced amine accessibility imparted by the bulky
polymer chains, as previously discussed 23,49. It should also be noted that, compared to our
work on aminosilica materials

20

, higher amine efficiencies are reported here for TEPA
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while the PEI materials are comparable; however, the previous work dealt with 10% CO2
while this work deals with 3000 ppm.
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Figure 7. CO2 adsorption capacity and amine efficiency for (a) TEPA-MIL-101 and (b)
PEI-MIL-101 materials at 25 ºC using 3000 ppm CO2/N2.

3.3. FRACTIONAL CO2 ADSORPTION UPTAKES
To assess the kinetics of CO2 capture in amino-MOF monoliths, the fractional
adsorption uptakes at 3000 ppm CO2 concentration and 25 °C were determined, as shown
in Figure 8. From Figure 8a and 8b, broad uptakes for both TEPA-MIL-101MB and PEIMIL-101MB materials relative to their powdered analogues could be realized which could
be attributed to the accessibility of amine sites to the CO2 molecules within the monolith
matrix. Whereas the powdered amino-MOFs are readily accessible to CO2, their dispersion
in the monolith matrix may have reduced the molecular diffusion rate. This is further
evidenced by the pre-impregnated monoliths’ reduced pore volumes from Table 2 and by
the fact that both post-impregnated monoliths exhibited the fastest kinetics. Similar to the
pristine powders, the post-impregnation led to surface-loaded amines which were readily
available to CO2 molecules. Nevertheless, the post-impregnated materials had lower CO2
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adsorption capacities which contributed to their rapid saturations. In the case of TEPA,
grafting itself contributed to limited diffusion and slower kinetics, as can be seen in Figure
S3, Supporting Information. Despite higher equilibrium capacity, slow kinetics can hinder
the application of pre-functionalized amino-MOF monoliths. To address this trade-off,
optimization of MOF pore volume and amine loading is required to ensure rapid capture
with high capacity for CO2 adsorption over 3D-printed amino-MOF monoliths.
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Figure 8. Fractional uptake curves for (a) TEPA-MIL-101 and (b) PEI-MIL-101
materials at 25 ºC using 3000 ppm CO2/N2.

4. CONCLUSIONS

This work utilizes 3D printing to prepare amino-MIL-101 monoliths for dilute CO2
adsorption and focuses on whether amine-impregnated MOF monoliths should be prepared
by post- or pre- impregnation. When textural properties, CO2 adsorption capacity, and
cyclic stability are considered, the pre-impregnation approach clearly outperforms postimpregnation and is, therefore, the preferable route of monolith formulation. Moreover, the
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pre-impregnation approach also produces a desirable change in amino-MOF chemistry by
grafting TEPA to the CUS during paste densification. By utilizing pre-impregnation to
graft larger amine moieties, further increases in CO2 adsorption capacity may be
achievable. On the other hand, although pre-impregnation yields high capacity monoliths,
dispersing the amino-MOF into the monolith matrix reduces the amine accessibility and
CO2 adsorption rate. When considering the post-impregnated monoliths, which showed
fast kinetics but low adsorption capacity, it becomes clear that the rate determining step for
CO2 adsorption is dependent on the amine layer thickness. Whereas the pre-impregnated
monoliths contained internally dispersed amines, the post-impregnated monoliths had
surface-loaded amines and the CO2 molecules were able to easily permeate the adsorption
cites. Perhaps then, the key to addressing the pre-impregnated monoliths’ slow adsorption
kinetics is to decrease the monolith wall thickness, thereby increasing the amine
accessibility to CO2 molecules. By applying this slight modification to pre-impregnated
monoliths, it could be possible to develop efficient monolithic adsorbents for dilute CO2
capture using 3D printing technique.
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Figure S1. Interior-exterior fragment of post-impregnated monolith.
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ABSTRACT

Previously, we 3D-printed polymer-zeolite monoliths by layer-wise phase
separation. Importantly, this technique used liquid printing dopes which exhibit a better
rheology than traditional bentonite inks. In this work, we expanded polymer printing to
metal-organic frameworks (MOFs) to address their rheological limitations. Initially, MOF74 and HKUST-1 monoliths, with a composition of 40 wt.% MOF and 60 wt.%
polyamide(imide) (Torlon), were printed. However, only HKUST-1 exhibited full
crystalline retention. In contrast, the polymer solvents partially decomposed MOF-74 and
the retained crystals were used as growth seeds. This approach produced dense MOF films
monoliths with 40 wt.% loading. The analysis of CO2 adsorption capacities revealed CO2
uptakes proportional to MOF loading for HKUST-1@Torlon monoliths. Moreover,
secondary growth led to a five-fold increase in CO2 capacity for MOF-74@Torlon.
Namely, the isothermal adsorption capacities for the directly printed and secondary growth
MOF-74 monoliths were 0.5 and 2.5 mmol/g, respectively, at 25 °C and 1 bar CO2. The
dynamic performance of the composite monoliths was analyzed by fractional uptake
measurements and the results indicated that increasing the HKUST-1 loading from 40 to
60 wt. % increased the diffusional resistances through the polymer-MOF monolith,
whereas for MOF-74 monoliths, the thin film, produced by secondary growth, produced
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the steepest fractional uptake. This monolith also exhibited four-fold increase in capacity
compared to directly printed MOF-74@polymer monolith (0.3 vs. 1.3 mmol/g,
respectively). The findings of this study highlight that direct printing of precursor seeds
followed by secondary growth is a suitable approach for formulating polymer-MOF
monoliths, as it balanced adsorption capacity with relatively fast kinetics. Overall, this
work demonstrates a two-fold approach of formulating polymer-MOF monoliths and
provides a pathway of overcoming the solvent expulsion and particle agglomeration
associated with bentonite-MOF printing pastes. Moreover, this work establishes a novel
route of possible scale-up of 3D-printed MOF monoliths for CO2 adsorption processes.
Keywords: MOF, polymer, monolith, 3D printing, adsorption

1. INTRODUCTION

As is well-recorded, rising CO2 emissions are directly responsible for climate
change and rising ocean levels.1 Of the many carbon sources, one of the largest CO2
contributors is energy production; where post-combustion streams in coal-fired power
plants account for 73% of annual energy sector emissions.2 Thusly, sequestering CO2 at
such sources has been an important area of study over the past century. From the many
advancements in this area, a standard carbon capture technique has been amine scrubbing
columns; which utilize aqueous amino-polymers in a chemical absorption process.3 While
this approach can capture large volumes of CO2, its high energy costs and equipment
deterioration have drawn immense criticism in recent years.4,5 Therefore, alternatives to
aqueous absorption have been developed. For example, physisorption – a process where
the target gas is captured and stored in a porous medium – is a promising approach for
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reducing CO2 emissions; on account of its simple regeneration strategies, sizable storage
potential, and low energy costs.6 This being stated, the adsorbent pore diameter and CO2
storage potential are important parameters which must be considered to optimize process
efficiency. Therefore, adsorbent selection is crucial to the efficacy of physisorption
processes.
Exhibiting sizable surface areas, tunable pore sizes, and substantial storage
potentials, metal-organic frameworks (MOFs) have cemented themselves as facile
adsorbents in recent years. This is especially true for CO2 capture, as several MOFs –
including MOF-74 (Ni), UTSA-16, and HKUST-1 – have achieved storage capacities
which are among the highest currently reported.7–11 Nevertheless, because MOFs are
synthesized in the powdered state, they must be formed into geometric contactors prior to
industrial use. Otherwise, the particulate scatters and contaminates process equipment.
Traditionally, pellitization – a process which forms beads through hydraulic pressing – has
been the route for powder scale-up.12 However, pelletized adsorbents exhibit slow
adsorption kinetics and high pressure drops leading to high energy costs.13,14 On the other
hand, forming MOFs into monolithic contactors – whose open channels and high surface
area to volume ratio promotes rapid mass transfer – is a far more effective approach for
utilizing MOFs in adsorption processes.13,14
Originally, MOF-loaded monoliths were fabricated by applying a combination of
targeted surface functionalization, precursor seeding, and secondary growth; such as the
polymer-seeding and epitaxial methods detailed in our earlier works.15,16 While these
methods can achieve ~50 wt.% MOF loading, their scalability is limited by lengthy
preparation times, adsorbent pore blockage, and high chemical waste. For these reasons,
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we developed MOF-monoliths by direct 3D printing and reported that this approach allows
for digital tuning of adsorbent geometry, high adsorbent loadings, and rapid production.17–
19

This being stated, the efficacy of direct printing approach efficacy is entirely dependent

upon the support’s capability to adhere to the inert binder. In many inks – including MOFbased inks – these limitations produce solvent expulsion, unfavorable paste rheology, and
limited printability. Therefore, in a later study20 we developed a novel method which
utilizes a liquid dope. Namely, we suspended zeolite particles in liquid polyamide(imide)
(Torlon) and utilized layer-wise phase separation to form the printed structure. Importantly,
the polymer dope rheology was much less viscous than silica inks and was easier to print.
Because of the liquid phase dope rheology, we hypothesized that applying Torlon printing
to MOF inks could be used to overcome their binding limitations. Motivated by this
prospect, we embarked on a study to produce polymer-MOF monoliths by 3D printing.
In this work, Torlon-MOF monoliths were formed two ways. In approach one, two
MOFs (MOF-74 (Ni) and HKUST-1) were suspended in polymer dope and directly printed
using our established technique.20 Of these samples, only HKUST-1 retained its
crystallinity because the form of HKUST-1 synthesized has been tuned for aquatic
stability.21 On the other hand, the Ni-DOBDC bonds readily decomposed in water and
produced partial crystal cleavage. 8 Thusly, only HKUST-1 was considered for printing at
higher loadings. Meanwhile, the partially decomposed MOF-74 particles were used as
seeds for secondary growth; similar to a process we reported previously.15 All monoliths
were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), N2
physisorption, and compressive strength measurements. The CO2 adsorption isotherms
were collected and the dynamic performances were assessed using thermalgravimetric
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analysis (TGA). Overall, this work develops a novel route of producing polymer-MOF
monoliths by 3D printing and provides a facile method to overcome rheological limitations
in MOF printing inks.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
Torlon (4000 T) was purchased by Solvay. The following materials were purchased
from Sigma-Aldrich and were used for monolith formulation: N-methyl-2-pyrrolidone
(NMP, anhydrous), hexane (anhydrous), poly(vinylpyrrolidone) (PVP, Sigma-Aldrich),
Ni(AcO)2·4H2O (99%), 2,5-dihydroxyterepthalic acid (DHTA, 98%), C9H6O6 (99%),
Cu(NO3 )2 ·2.5H2O (99%). The following ACS grade chemicals were also used: ethanol
(EtOH), methanol (MeOH), N,N-dimethylformamide (DMF), dichloromethane (DCM),
and tetrahydrofuran (THF). All UHP gases used were purchased from Airgas. Distilleddeionized (DI) water was supplied in house.

2.2. TORLON-MOF MONOLITH FORMULATION
The MOF powders were synthesized according to their well-established procedures
8,21

. The techniques used in our previous work

20

were implemented to form the dopes in

Table 1 and to 3D-print the monoliths. For 40HKUST-1@Torlon, 92 wt.% of NMP was
added to the original dope in Table 1 and the remaining 8 wt.% was added after rolling for
24 h in order to achieve homogeneity. The dope became homogeneous after a total of 48
h, however, was still quite dense and required a high extrusion pressure (P > 6 bar) and low
speed (5% operation speed) for printing. In 60HKUST-1@Torlon, 55 wt.% of the NMP
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was added to the original dope and the remaining 45 wt.% was added after 24 h. The dope
became homogeneous after 72 h but necessitated an addition of 6.4 wt.% DMF
immediately prior to printing to soften the rheology. Even with this addition, 60HKUST1@Torlon was printed at P > 6 bar with 3% operation speed. The Ni MOF-74 dope was
homogeneous after 24 h and printable at P = 3 bar with 80% operating speed.

Table 1. Dope compositions for 3D-printed polymer-MOF monoliths.
Monolith

Torlon
(wt. %)

PVP

MOF

NMP

(wt. %)

(wt. %)

(wt. %)

DMF
(wt. %)

DI
(wt. %)

40HKUST-1@Torlon

17.1

2.9

12.3

61.0

0.0

6.7

60HKUST-1@Torlon

11.5

1.9

17.3

58.3

6.4

3.8

MOF-74@Torlon

18.0

3.0

13.0

59.0

0.0

7.0

The homogeneous dopes are shown in Figure 1. The 40HKUST-1@Torlon and
60HKUST-1@Torlon dopes were visually indistinguishable from one another. Therefore,
only 60HKUST@Torlon is depicted. As can be seen, the dopes exhibited uniform
distribution of MOF nanocrystals, no particle settling, and liquid phase rheology.

Figure 1. (a) 60HKUST-1@Torlon and (b) MOF-74@Torlon dopes used for 3D-printing.
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2.3. MONOLITH SOLVENT EXCHANGE
The solvent exchange process was modified according to MOF stability to
maximize crystal retention. For the HKUST-1 samples, the original solvent exchange
procedure was used,20 as the selected version of HKUST-1 is stable in water. On the other
hand, MOF-74 readily dissociates in water. Therefore, EtOH was substituted in the solvent
exchange. Otherwise, the procedure was consistent with the original process.

2.4. SECONDARY GROWTH ON SEEDED MONOLITHS
Because of the observed crystal decomposition, the MOF-74 support was used as a
seed for secondary growth to form MOF-74@Torlon*. Prior to synthesis, the samples were
degassed in a vacuum oven overnight at 60 °C to remove moisture. Then, they were placed
in a 25 mL autoclaving containing the MOF-74 synthesis liquor.8 Here, it should be noted
that this technique was not applied to the HKUST-1 monoliths, as the synthesis uses a
(1:1:1) DMF/DI/EtOH solvent ratio. Because DMF is a known polymer solvent, the
HKUST-1 monoliths samples would decompose during synthesis. A potential way to
circumvent this would be to eliminate DMF from the synthesis procedure, however, solvent
ratios are very important to MOF chemistry and deviating from established ratios can yield
unpredictable changes in crystal morphology. For these reasons, secondary growth was
only performed on Ni MOF-74. If this technique were to be applied to other MOFs, the
synthesis procedure would have to be optimized on a case by case basis.

2.5. TORLON-MOF MONOLITH CHARACTERIZATION
The monoliths’ textural properties were assessed using a Micromeritics (3Flex) gas
analyzer at 77 K. Prior to analysis, the samples were degassed on a Micromeritics Smart
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VacPrep system for 6 h. Per the established procedures, the degassing temperatures were
150 °C and 250 °C for HKUST-1 and MOF-74, respectively. The Brunauer-Emmet-Teller
(BET) and non-local density functional theory (NLDFT) methods were used to estimate
the surface area and pore size distribution (PSD), respectively. The X-ray diffraction
(XRD) measurements were performed on a PANalytical X’Pert multipurpose X-ray
diffractometer with a scan step size of 0.02°/step at the rate of 137.2 s/step to assess the
crystallinity. Prior to XRD measurement, the monolith samples were vigorously ground
with a mortar and pestle. A field-emission scanning electron microscopy (FE-SEM),
Hitachi Model S4700 was used to assess the surface morphology and crystal dispersion.
The paste viscosities were analyzed using a Discovery HR-2 rheometer with a sheer rate
of 10 – 1000 s -1, 25 °C plate, and a sampling time of 1 min. The HKUST-1 dope viscosities
exceeded the upper operational bound of the instrument. Because of this, only 40HKUST1@Torlon underwent rheometry testing and was limited to a shear rate of 9 – 12 s-1.
Compressive strength measurements were acquired using an Instron 5881 extensometer
under 0.2 mm/min compression, an anvil height of 5 mm, and a head thickness and width
of 2 mm.

2.6. CO2 ADSORPTION ISOTHERM MEASUREMENTS
The CO2 adsorption capacities were measured on 3Flex at 25 °C from 0 – 1 bar.
Prior to measurement, the samples were degassed using the conditions from N2
physisorption. A Q-500 thermalgravimetric analyzer (TGA, TA instruments) was used to
assess the samples’ dynamic CO2 performance. The fractional adsorption uptakes were
used as a preliminary means of assessing the different approach’s adsorption kinetics.
Fractional adsorption uptakes – which are a well-established way of analyzing dynamic
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performance in structured materials – were used instead of breakthrough experimentation
because the scope of this work focused on developing 3D-printed polymer/MOF monoliths
and not on evaluating their dynamic performance, working capacity, and adsorbate
selectivity. Prior to analysis, the samples were degassed for 60 min under 40 mL/min 99%
N2. Per the MOF procedures, the degassing temperatures were 150 °C and 250 °C for
HKUST-1, and MOF-74 samples, respectively. The ramp rate was 10 °C/min for heating
and cooling. The dynamic CO2 adsorption performances were assessed at 25 °C with 60
mL/min of 10% CO2/N2. Adsorption was terminated after 60 min. The calculations for
fractional uptake can be found in our earlier work.22 The method reported by Pimentel et
al.23 was used to model the fractional uptakes and estimate the diffusion constants.

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION OF POLYMER-MOF MONOLITHS
The paste viscosities as a function of shear rate are shown in Figure 2. All HKUST1 dope viscosities were too high for the instrument to properly function. Namely, the torque
required to assess this viscosity exceeded the instrument’s upper bound (200 mN.m). Of
the two dopes, only 40HKUST-1@Torlon could be measured in any capacity, as it was
slightly less viscous. Although the dope appeared to exhibit shear thinning, its behavior
could not be definitively stated because the sampling range was insufficient. In fact, the
HKUST-1 dopes thickened with increased exposure time to air which indicated shear
thickening. Although this did not yield unprintable dopes, it did necessitate an extremely
low speed and high extrusion pressure. Comparatively, the MOF-74 (Figure 2b) dope
exhibited far lower viscosity and shear thinning behavior. This result was not expected, as
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our earlier works have consistently shown shear thickening behavior in MOF pastes.17–20
The behavior reported for MOF-74 was attributed to the partial MOF decomposition.
Specifically, the DI exposure slightly cleaved the MOF crystals. In turn, this increased the
ink’s viscoelastic reliance on the polymer component and produced rheological behavior
consistent with pure Torlon dopes.24
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Figure 2. Dope viscosities as a function of shear rate for (a) 40HKUST-1@Torlon and (b)
MOF-74@Torlon.

The 3D-printed Torlon-MOF monoliths are displayed in Figure 3. As can be seen,
40HKUST-1@Torlon exhibited thicker channels than the other three samples. This was
attributed to the slower printing speed and fluidic behavior. Namely, because this dope was
slightly fluidic, the increased printing time increased dispersion time on the glass substrate
and yielded denser channels. On the other hand, 60HKUST-1@Torlon – which exhibited
a solid-like ink rheology – showed no spreading behavior because the increased support
loading produced a self-standing paste. It is also worth noting that increasing the HKUST1 concentration from 40 – 60 wt.% produced a blue-green color in 60HKUST-1@Torlon
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which is consistent with the MOF’s pigment. MOF-74@Torlon (Figure 3c) exhibited
similar channel thicknesses to 40HKUST-1@Torlon, however, this dope retained its liquid
rheology. This being stated, MOF-74@Torlon’s printing speed was much greater than
either HKUST-1 sample and, therefore, did not allow sufficient time for polymer spreading
on the glass substrate. Following secondary growth (Figure 3d), a dense MOF-74 loading
was observed in MOF-74@Torlon* and the sample retained the original geometry.
Notably, the powder film was very stable and no losses were observed during the activation
process. Effectively, this signified strong adhesion to the polymer surface and substantial
bonding to the growth seeds.

Figure 3. Optical photograph of 3D-printed (a) 40HKUST-1@Torlon, (b) 60HKUST1@Torlon, (c) MOF-74@Torlon and (d) MOF-74@Torlon*.

The samples’ N2 physisorption isotherms and pore size distributions are shown in
Figure 4. As apparent, the HKUST-1 samples all exhibited type I physisorption isotherms
with type-H3 hysteresis (Figure 4a). From the IUPAC classifications,26 both of these
characteristics are indicative of microporous materials and confirm minimal crystal
deformation. This was further evidenced in the pore distributions (Figure 4b) where the
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directly printed samples both exhibited pore diameters consistent with the parent powder.
The physisorption data also indicated 60HKUST-1@Torlon’s pore blockage, as increasing
the MOF loading from 40 – 60 wt. % only resulted in a 10% enhancement in N2 uptake.
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Figure 4. (a-b) N2 Physisorption isotherms and (c-d) NLDFT pore distributions for 3Dprinted polymer-MOF monoliths.

On the other hand, these effects were minor in comparison to MOF-74@Torlon. As
evident in Figure 4c, the dope solvents severely reduced the MOF’s N2 adsorption capacity
from the anticipated loading (75 cm3/g vs. 220 cm3/g, respectively). This was further
reflected in the pore distribution (Figure 4d) where the particle deterioration shifted the
pore diameter from 2 – 4 nm. Fortunately, however, secondary growth restored the MOFs’
textural properties. Namely, solvothermal crystallization restored the pore diameters at 2
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nm and produced an N2 physisorption capacity of ~120 cm3/g. Notably, the N2
physisorption capacity was lower than expected from the CO2 adsorption measurements,
however, this was attributed to polymer intrusion as discussed previously.
The corresponding textural properties of the samples are displayed in Table 2. As
is apparent, all samples exhibited pore sizes within the micro- and mesoporous ranges. The
micropore diameters were attributed to the MOFs while the mesopores were attributed to
the pores in the polymer matrix ,which arise from PVP extraction, as well-established in
literature 25. In MOF-74@Torlon, the dope’s DI component caused the monolith to only
retain 7% of the powdered surface area and 14% of the pore volume. Nevertheless,
secondary growth restored the textural properties, as MOF-74@Torlon* exhibited 17% of
the powdered surface area and 24% of the pore volume. Notably, these characteristics only
correspond to ~20 wt. % loading, however, later measurements indicated a loading of ~40
wt. %. Similar to our earlier work,15 this was attributed to polymeric intrusion into the MOF
nanochannels. The bulky polymer chains readily intruded the MOF crystalline faces but
left the active sites open. Comparable effects were also observed in the HKUST-1
monoliths which both exhibited losses in textural properties relative to their loading. Of
the two, the losses were more significant in 60HKUST-1@Torlon which only achieved
~40% of the powdered surface area and pore volume. This was attributed to the increased
dope rolling time, which allowed longer time for polymer-channel guest intrusion and
corresponded to greater reductions in textural properties. Meanwhile, 40HKUST1@Torlon – whose dope rolled for a lesser time – was less saturated with polymer and
achieved 35% of the powder’s textural properties. This being stated, the polymer intrusion
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did not have a significant impact on adsorption potential and, therefore, the samples were
considered for further experiments.

Table 2. Textural properties of 3D-printed polymer-MOF monoliths.
SBETa

Vpb

dp

(m2/g)

(cm3/gSTP)

(nm)

HKUST-1 Powder

830

0.43

1.0

40HKUST-1@Torlon

270

0.15

2.0, 7.0

60HKUST-1@Torlon

290

0.17

2.0

MOF-74 Powder

1180

0.71

2.0

MOF-74@Torlon

80

0.1

3.8

MOF-74@Torlon*

210

0.17

2.0, 8.5

Material

a

SBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor
pressure ranging from 0.1 to 0.3.
b

Vp was obtained using the NLDFT method.

The samples’ XRD spectra are shown in Figure 5. Corresponding well with the
textural properties, 40HKUST-1@Torlon (Figure 5a) maintained most of its diffractive
indices. As would be expected from our earlier work,20 the relatively low MOF loading
reduced the diffractive intensity from the powder, however, the XRD pattern signified no
changes in HKUST-1 structure. Meanwhile, increasing the MOF concentration to 60 wt.
% sharpened the major diffractive indices (9°, 12°, 13°) and increased the overall intensity
in 60HKUST-1@Torlon. In MOF-74@Torlon, major losses in diffractive index from the
parent powder were observed (Figure 5b). This being stated, the MOFs major diffractive
indices (7.5° and 12.5°) were retained a lesser intensity, indicating the presence of the
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overall crystal structure. Although decomposition was present, the XRD spectra suggested
that it was allocated to the minor crystal faces. In turn, this allowed the major crystal planes
to act as growth seeds. Following this process, MOF-74@Torlon* exhibited indices which
were consistent with the parent powder, signifying the efficacy of solvothermal restoration.
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Figure 5. XRD spectra for (a) HKUST-1 and (b) MOF-74 (b) samples.

SEM was performed to examine the MOF crystallinity and dispersion within the
polymer matrix (Figure 6). From Figure 6a and 6d, the samples contained channels of ~1
mm in thickness. Also worth noting, PVP extraction led to macropore formation (Figures
6b) which was observed in all samples. This was expected from earlier works,20,27 and, is
a well-recognized phenomenon. In 40HKUST-1@Torlon (Figure 6c), the crystals
exhibited topographies coinciding with their diffractive indices and diameters which were
consistent with literature.

11

Meanwhile, exposing MOF-74 to DI reduced its crystal size

by 50% from literary values

8

and eliminated any definition in the minor crystal faces

(Figure 6f). As previously anticipated from XRD, the particles were retained but their
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active sites were lost. Nevertheless, Figures 6g – 6i indicated these crystals’ efficacy as
growth seeds. As can be seen, utilizing the cleaved crystals yielded even surface loading
(Figure 6g), fully formed crystal topographies (Figure 6h), and literary particle diameters
(Figure 6g). Accordingly, the secondary growth approach was considered to be an effective
means of formulating polymer-MOF monoliths, as it can be used to restore decomposed
particulate.

Figure 6. SEM micrographs for (a-c) 40HKUST-1@Torlon, (d-f) MOF-74@Torlon, and
(g-i) MOF-74@Torlon*.

Compressive testing was performed to assess the samples’ mechanical strength and
the corresponding results are demonstrated in Figure 7. In MOF-74@Torlon*, the growth
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film began to flake at 22 MPa. Thusly, this was considered to be the point of mechanical
failure because it resulted in adsorbent loss. Nevertheless, the film’s strength was
comparable to our previous study18 and was still viable for industrial processes. It is also
worth noting that the printed monolith structure withstood the entire applied load (2000 N)
without deformation. Similar strengths were observed across all directly printed monoliths
which retained ~90% of their original heights under 2000 N load. Notably, these results
were not anticipated from our previous work with zeolite-polymer monoliths,20 which
compressed into thin disks under the applied load.

800

Sustained Load (MPa)

+

637

+

637

+

637

600

400

200

22
0

40HKUST-1 60 HKUST-1

MOF-74

MOF-74

*

Figure 7. Sustained loads of 3D-printed HKUST-1 and MOF-74 monoliths.

Because the sustainable loads exceeded the instrument’s upper bound of operation,
the strengths in Figure 7 for 40HKUST-1@Torlon, 60HKUST-1@Torlon, and MOF74@Torlon are denoted with a “+.” From literature, the exceptional strength was attributed
to the unique channel filling that occurs between polymers and MOFs. Specifically, bulky
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polymer chains can intrude the MOF nanochannels but are too large for interaction with
the adsorption sites. This allows the polymer to act as stiffening guests and produce
phenomenal strength. This was supported by the losses in textural properties, which
signified polymer-MOF intrusion and is further supported by a recent study from Lizuka
and coworkers,28 who incorporated styrene into Zn(bdc) nanochannels to produce MOFs
with GPa compressive strengths.

3.2. POLYMER-MOF MONOLITH CO2 ADSORPTION
The monoliths’ CO2 adsorption isotherms at 25 °C are shown in Figure 8.
Coinciding well with the textural properties and characterization, both of the HKUST-1
monoliths (Figure 8a) achieved CO2 uptakes consistent with their respective pore volumes.
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Figure 8. CO2 Adsorption isotherms for (a) HKUST-1 and (b) MOF-74 samples at 25 °C
and 1 bar.

Specifically, the 40% and 60 % monoliths exhibited CO2 adsorption capacities of
1.0 and 1.2 mmol/g, respectively; corresponding to 43% and 55% of the powder’s CO 2
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uptake (2.2 mmol/g). As apparent, the 60 wt.% HKUST-1 sample’s reduction in pore
volume lowered its CO2 capacity relative to the MOF loading but the difference was minor.
On the other hand, MOF-74@Torlon’s crystal decomposition yielded a far greater
reduction in CO2 uptake (Figure 8b). Specifically, the monolith only achieved 10% of the
powdered CO2 capacity (0.6 vs. 6.5 mmol/g, respectively) while an uptake of ~2.6 was
anticipated. Nevertheless, secondary growth recovered the MOF’s adsorption potential, as
MOF-74@Torlon* exhibited the highest monolith CO2 uptake (2.5 mmol/g, 38 wt.%
loading) which corresponded to ~40% loading. Moreover, the adsorption capacity reported
here was 65% of that reported by directly printing MOF-74/bentonite composites

17

but

was producible by a much simpler approach. Accordingly, this technique was concluded
to be a worthwhile consideration for industrial processes.

3.3. POLYMER-MOF CO2 ADSORPTION PERFORMANCE
The CO2 fractional uptakes shown in Figure 9 were obtained on TGA using a feed
gas mixture of 10% CO2/N2. Adsorption capacities of 0.3, 0.6, and 0.7 mmol/g were
observed for the 40HKUST-1@Torlon, 60HKUST-1@Torlon, and HKUST-1 powder
samples. Notably, the HKUST-1 samples all exhibited higher CO2 uptakes than the
isothermal adsorption at 0.1 bar. Nevertheless, this was attributed to N2 co-adsorption
which is a known issue with HKUST-1.29 On the other hand, CO2 uptakes of 0.3, 1.3, and
3.4 mmol/g, respectively, were observed for the MOF-74@Torlon, MOF-74@Torlon*, and
MOF-74 powder samples. Unlike the HKUST-1 samples, these adsorption uptakes
corresponded well with the adsorption isotherms indicating a better CO2/N2 selectivity.
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From the fractional uptakes, the HKUST-1 monoliths (Figure 9a) exhibited
saturation profiles which were consistent with previous findings.19 Namely, the 40 wt. %
sample’s reduced loading yielded a sharper fractional uptake than the 60 wt.% sample
because the CO2 adsorption was not inhibited by interparticle diffusion. However,
increasing the support loading gave rise to corresponding uptakes in molecular resistance,
causing the 60 wt.% sample to saturate slower than the pristine powder.

1.0

1.0

a)

0.8

0.6

0.6

Mt / M ¥

Mt / M ¥

0.8

b)

0.4

0.4

0.2

HKUST-1 Powder
40HKUST-1@Torlon
60HKUST-1@Torlon

0.0
0

10

20

30

wt (s1/2)

40

50

60

0.2

MOF-74 Powder
MOF-74@Torlon
MOF-74@Torlon*

0.0
0

10

20

30

40

50

60

wt (s1/2)

Figure 9. Fractional uptakes of 10% CO2 for HKUST-1 (a) and MOF-74 (b) samples at
25 °C and 60 mL/min.

Therefore, reduced loadings were concluded to be preferable when direct printing
is used, as they produce faster mass transfer. This being stated, reducing the support loading
is not an attractive means of increasing saturation rate because it also diminishes the
adsorption storage potential. Such was the case in MOF-74@Torlon Figure 9b, who
exhibited improved kinetics from the powder but a low CO2 adsorption capacity. On the
other hand, MOF-74@Torlon* – whose MOF was allocated on the surface – balanced both
high adsorption capacity and rapid kinetics. This was attributed to the behavior of thin-film
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adsorbents, whose kinetics are not reliant on molecular diffusion, and can achieve rapid
saturation compared to pelletized adsorbents and 3D-printed monoliths where the support
is suspended in the cell walls.30 In turn, the sample formed by secondary growth exhibited
the sharpest fractional uptake of any sample tested. From established literature,23 eq. 1a –
1c were used to model the fractional uptakes and estimate the diffusivity values. The
diffusivity (D) was varied to maximize the models’ R2 value.
−(

Dqn2t

¥
Mt
6 ( + 1)e a
= 1− 
2 2
M¥
n =1 9 + 9 + qn 
2

)

(1a)

Where Mt, M∞, t, and a are the sample mass at a given time (g), the sample’s final mass
(g), elapsed time from adsorbate flow (sec), and SEM particle diameter (cm), respectively.
While qn are the nonzero roots of eq. 1b:

tan(qn ) =

3qn
3 +  qn2

(1b)

And α is a fractional uptake solubility constant (cm3/g) which can be calculated from eq.
1c:

M¥
1
=
VC0 1 + 

(1c)

where C0 and V are the CO2 mole fraction (0.1) and furnace volume (10 cm3), respectively.
The modeled fractional uptakes are shown in Figure 10 while the corresponding diffusivity
constants are shown in Table 3. As can be seen, the literary model yielded to accurate curve
fittings, however, was unable to account for the multi-faceted adsorption present here.
Namely, when mass transfer only occurred through one mode – such as the molecular
diffusion in 60HKUST-1@Torlon (Figure 10b) – the model gave rise to a precise fit. On
the other hand, adsorbents which were selective to both components or exhibited bimodal
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mass transfer – such as 40HKUST-1@Torlon (Figure 10a) and the HKUST-1 powder
(Figure 10c) – could not be modeled as precisely because the selected model assumed that
only one species is captured. In these measurements, this led to a degree of inaccuracy
because the HKUST-1 samples also co-adsorbed N2.
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Figure 10. Fractional uptakes (black) with fitted models (red) for (a-c) HKUST-1 and (df) MOF-74 samples.

As apparent, this primarily occurred during CO2 saturation where the CO2 diffused
quickly through the adsorbent. Seemingly, 60HKUST-1@Torlon’s highly accurate fit
contradicts this but this can be attributed to the sample’s slow molecular diffusion rate.
Unlike the other samples, the 60 wt.% monolith was so inhibited by interparticle diffusion
that CO2 and N2 adsorbed simultaneously; leading to single-species adsorption behavior.
Similar results were observed in the MOF-74 samples but were not as pronounced.
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Specifically, MOF-74@Torlon’s (Figure 10d) model could be precisely fitted to the
experimental data. This was attributed to the excess CO2 concentration relative to the
number of intact adsorption sites which yielded a minimal reliance on molecular mass
transfer. In the powder (Figure 10f), however, the number of adsorption sites was far
greater and, therefore, required a longer time for adsorbate saturation after the initial
uptake. A similar effect was observed in MOF-74@Torlon* (Figure 10e) whose thin-film
saturated quickly but required extended time to saturate fully.

Table 3. Calculated diffusivities for polymer-MOF samples.

40HKUST-1@Torlon

Diffusivity×108
(cm2/s)
2.05

60HKUST-1@Torlon

0.55

HKUST-1 Powder

2.34

MOF-74@Torlon

1.49

MOF-74@Torlon*

32.0

MOF-74 Powder

5.00

Sample

From the calculated diffusivities shown in Table 3, it is noted that all adsorbents
examined exhibited diffusivities greater than benchmark adsorbents, such as zeolite 13X
powders, whose constant is ~0.6×10-10 cm2/s.31 This being stated, the diffusional
coefficients were substantially less than that of extruded zeolite monoliths (8.0×10-8 cm2/s
32

) which can be attributed to the increased diffusional resistances imparted by the 3D-

printed pore structure. As can be seen, the slowest diffusivity was observed in 60HKUST1@Torlon on account of the high resistance between the adsorbent particles. On the other

91
hand, reducing the adsorbent loading to 40% gave rise to a threefold enhancement in
diffusivity. This further evidenced that, from a dynamic perspective, reduced adsorbent
loadings are preferable in 3D-printed polymer monoliths. Nevertheless, the HKUST
diffusivity values were all small in comparison to that of MOF-74@Torlon*. This can be
attributed to the sample’s thin-film behavior which reduced molecular resistances and
increased the diffusivity by one order of magnitude. From a process perspective, these
positive characteristics would reduce overall cycle time and increase adsorbate recovery.

4. CONCLUSIONS

In this work, we provided a novel pathway of fabricating MOF monoliths through
suspension in liquid polymer dope. Importantly, this approach did not produce the particle
agglomeration or solvent expulsion observed in bentonite-MOF pastes and could be used
to formulate high-strength monoliths with up to 60 wt. % adsorbent loading. Nevertheless,
this approach’s efficacy depended heavily on the MOF-solvent stability, as dispersing
MOF-74 in the polymer dope yielded partial loss in crystal structure, reduced adsorption
sites, and poor textural properties. This shortcoming was addressed by utilizing the retained
particulate as secondary growth seeds. Through this technique, we fully restored the
adsorbent loading, increased the CO2 adsorption capacity, and improved the adsorption
kinetics. In fact, secondary growth led to the greatest CO2 capacity and fastest rate of mass
transfer of all monolith samples. Therefore, both direct printing and secondary growth
approaches were concluded to be worthwhile techniques for producing polymer-MOF
monoliths. By utilizing the techniques herein, it is possible to overcome the problematic
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solvent expulsion and particle agglomeration associated with bentonite-MOF printing and
produce high-loading MOF monoliths for CO2 capture.

NOMENCLATURE
D = diffusivity (cm2/s)
V = furnace volume (cm3)
Mt = sample mass at given time (g)
M∞ = sample mass at final time (g)
qn = nonzero solutions to tangent function (dimensionless)
C0 = CO2 mole fraction (0.1)
α = fractional uptake solubility constant (cm3/g)
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ABSTRACT

Herein, we report the evaluation of dynamic performance of 3D-printed zeolite
monoliths for CO2/N2 separation at 5 bar 25 °C. Monoliths with various cell densities (200,
400, and 600 cpsi) and porosities were formulated using bentonite clay (binder) and
methylcellulose (plasticizer), and the effects of cell density, wall porosity, and inlet gas
flow rate on dynamic separation performance of the monoliths were investigated. Dynamic
breakthrough tests with 10% CO2/N2 revealed that increasing cell density gives rise to gas
throttling, inadequate time for molecular mass transfer, and broad wavefronts. The
reduction in residence time increased mass transfer zone (MTZ) length by 70% from 60 –
100 mL/min (0.5-0.9 cm/s) and 300% from 100 – 200 mL/min (0.9-1.8 cm/s) in all cell
densities. For 200 cpsi monoliths, upon increasing wall porosity from 0.38 to 0.46, the
MTZ length decreased from 0.4 cm to 0.07 cm at the feed flow rate of 1.8 cm/s. The mass
transfer coefficients estimated from modeling the breakthrough profiles were found to
decrease steadily with both flow rate and monolith cell density. In the macroporous
samples, the best mass transfer coefficient was found to be 0.049 s-1 for the 200 cpsi
monolith with kaolin binder substitution. Both increasing the plasticizer concentration and
substituting a macroporous binder promoted mass transfer rate, however, the former
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method increased the number of zeolite-bentonite bonds around large surface defects
during burnout and reduced the CO2 adsorption capacity by 27% from the other
formulations. On the basis of adsorption capacity and kinetics, utilization of a macroporous
binder was found to be the best method of developing 3D-printed zeolite monoliths because
it could reduce intraparticle resistance without compromising adsorption capacity.
Keywords: 3D printing, Zeolite monolith, Intrinsic porosity, Adsorption kinetics, CO2
capture
1. INTRODUCTION

Adsorption is a well-established approach for the separation and storage of many
target gases including CO2 (Lawson et al., 2019, 2018; Thakkar et al., 2017b),
hydrocarbons (Agueda et al., 2015; Thakkar et al., 2018a), and acidic contaminants
(Agueda et al., 2015; Kooti et al., 2018). Typically, adsorbents are pelletized for
implementation into industrial columns (Rezaei et al., 2015; Rezaei and Webley, 2010),
however, this process produces dense structural packing (pore diameter ~0.3 – 0.5 µm,
void fraction ~0.14 – 0.27) (Hu et al., 2014) and gives rise to poor molecular mass transfer
kinetics (k ~0.01 s-1) (Won et al., 2012), high pressure drops (1100 Pa at 5 cm/s flowrate)
(Girimonte et al., 2017), and unfavorable energy costs (160 kWh/ton CO2) (Sivakumar and
Rao, 2011). For these reasons, adsorbent pellets have drawn immense criticism in recent
years and alternative adsorbents have been established for scale-up (Regufe et al., 2018;
Rezaei and Webley, 2010, 2009). Of particular note, efforts to address pellets’ flaws has
yielded the production of adsorbent monoliths; whose thin channels and high surface area
to volume ratio reduce diffusional resistance and increase the rate of mass transfer (Rezaei
et al., 2011; Rezaei and Webley, 2010).
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Within the past few years, a variety of adsorbent monoliths – including zeolites,
metal-organic frameworks (MOFs), and aminosilicas – have been manufactured by 3D
printing (Lawson et al., 2019, 2018; Thakkar et al., 2018b, 2017a, 2016). The 3D printing
(additive manufacturing) technique is especially promising for industrial scale-up because
it allows the adsorbent geometry to be digitally tuned without mold production; as is
needed for adsorbent monoliths produced by extrusion. Nevertheless, because of this
technique’s novelty, many 3D-printed monolith properties are still unknown. This is
especially true regarding adsorption kinetics, as the effects of monolith geometry and
internal macroporosity on dynamic performance have yet to be explored. These variables
are highly importance to adsorption performance because, as observed in our previous
work (Lawson et al., 2019), 3D-printed monoliths’ thick adsorbent layers imparts
molecular resistance and slow particle mass transfer which causes the adsorbate to
breakthrough long before full saturation of the adsorbent monolith. From literary reports
(Lawson et al., 2019; Rezaei and Webley, 2010, 2009, 2012), two known ways of
enhancing monolith kinetics are to increase the cell density and by increasing the
macroporosity.
Established previously (Lodewyckx et al., 2004; Rezaei and Webley, 2009),
increasing an extruded monolith cell density is a well-known method of improving its mass
transfer rate. This can be attributed to an increase in internal fluid pressure, on account of
the reduced hydraulic cell diameter, which increases the sorbate zone velocity, and shortens
the residence time (throttling effect) (Chen et al., 2008; Sadeghi et al., 2017). Although a
well-established phenomenon, these effects are only applicable when the adsorbent layer
is within μm thicknesses – such as in thin-film extruded monoliths – because the resistances
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to molecular diffusion are negligible (Rezaei et al., 2011; Rezaei and Webley, 2009, 2012).
On the other hand, increasing the adsorbent layer thickness – such as in printed monoliths
– increases the kinetic dependence on molecular diffusion and the correlation between cpsi
and dynamic performance becomes unpredictable (Lawson et al., 2019; Rezaei et al.,
2011). As previously discussed, this was observed in our earlier work (Lawson et al.,
2019); where the increase in zone velocity yielded inadequate time for molecular mass
transfer and broad fractional uptakes. From these observations, the rate of adsorbateadsorbent saturation can also be linked to the monolith macroporosity; as increasing the
distance between sorbate particles should reduce diffusional resistance and promote faster
mass transfer (Lawson et al., 2019; Rezaei and Webley, 2009). Given that these properties
have only ever been explored in extruded monoliths – and are fundamental to dynamic
performance – we embarked on a study investigating the relationship between printed
monolith cells per squared inch (cpsi), macroporosity, and adsorption kinetics.
In this work, zeolite 13X monoliths with 85 wt.% zeolite content were produced by
3D printing. The monolithic cell density and macroporosity were varied to isolate their
effects on adsorption kinetics. The cell density was varied to form 200, 400, and 600 cpsi
monoliths. For 200 cpsi monoliths, the macroporosity was varied by doubling or
eliminating the burnt-out organic component or by substituting a macroporous binder. The
dynamic adsorption-desorption performances were evaluated using a pressurized
breakthrough column; where 10% CO2/N2 was adsorbed at 5 bar and desorbed at 0.7 bar.
The effects of feed flow rate, cell density and wall porosity on CO2/N2 separation
performance of the monoliths were systematically investigated. Overall, this work
establishes a definitive relationship between printed monolith cell density, intrinsic
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porosity, and adsorption kinetics, and provides critical insight for incorporation into
dynamic processes.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
Cuboidal, synthetic, non-fibrous zeolite 13X (100%) was purchased from
Advanced Specialty Gas Equipment (ASGE). The following materials were purchased
from Sigma-Aldrich and were used for zeolite 13X monolith formulation: methylcellulose
(99%), bentonite clay (Sigma-Aldrich), and kaolin (99%). All UHP grade gases used in
this study were purchased from Airgas.

2.2. ZEOLITE MONOLITH FORMULATION
The monolith structures were designed in AutoCAD 2017. Simplify 3D (V. 4.0.2.)
was used to convert the AutoCAD models into printable gcode files. A sufficiently small
cell wall diameter was used for 200 cpsi so that it could be held constant across the different
cpsi monoliths; thereby isolating the effect of cell density on adsorption kinetics. The
techniques reported previously (Lawson et al., 2019, 2018; Thakkar et al., 2017a, 2016)
were used to form the different paste formulations (Table 1) into monoliths. DI water was
the only solvent needed for a favorable viscosity. The monoliths were dried overnight in
the fume hood under ambient temperature followed by calcination at 550 ºC for 6 h with a
ramp rate of 10 ºC/min. Nordson 0.25 mm precision tips were used for printing the original
formulation (200-600 cpsi) monoliths. The monolith macroporosity was varied by
doubling (200 cpsi-1) or eliminating (200 cpsi-2) the burnt-out methylcellulose
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concentration or by substituting 50 wt.% of mesoporous bentonite clay with macroporous
kaolin (200 cpsi-3). Varying the methylcellulose concentration was considered for
increasing monolith macroporosity because its removal during calcination was expected to
form pore space. Therefore, increasing the methylcellulose concentration should enhance
the pore space formed during removal and decreasing the concentration should reduce the
pore space during removal. Substitution of macroporous kaolin was considered because
utilizing larger binder particles was theorized to increase the distance between zeolite
particles; enhancing the macroporosity.

Table 1. Paste compositions for 3D-printed zeolite 13x monoliths.
Sample

Zeolite 13X
(wt.%)

Bentonite Clay
(wt.%)

Kaolin
(wt.%)

Methylcellulose
(wt.%)

200 cpsi
400 cpsi
600 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

83.3
83.3
83.3
81.7
85.0
83.3

14.7
14.7
14.7
14.4
15.0
7.35

0.0
0.0
0.0
0.0
0.0
7.35

2.0
2.0
2.0
3.8
0.0
2.0

This being stated, varying these components led to differences in paste viscosity
and necessitated the use of Nordson 0.61 mm tips for printing the 200 cpsi-1, 2, and 3
formulations. After calcination, all supports contained 85 wt. % zeolite, which was
considered optimal because further increasing the support concentration led to blockage in
the printing tips. The printed zeolite monoliths with cell densities of 200, 400, and 600 cpsi
are shown in Figure 1a – b and their geometric properties are summarized in Table 2.
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Figure 1. (a) Layer-wise and (b) top views of 200 cpsi, 400 cpsi, and 600 cpsi printed
monoliths.

The monolith and bed void fractions (ɛm, ɛb) were estimated by eq. S1a and S1b-d,
respectively in Supporting Information. The geometry factor (α, cm-1) was calculated by
eq. S1e, Supporting Information, while the specific surface area to volume ratio (a,
cm2/cm3) was calculated by eq. S1f, Supporting Information. The 200 cpsi-1, 200 cpsi-2,
and 200 cpsi-3 monoliths were visually indistinguishable from 200 cpsi, excluding a slight
increase in channel thickness and, therefore, are not depicted. From the figure, the monolith
pieces are ~3 cm in length and 1.6 cm in diameter, exhibit uniform channels with no visual
cracking. In the 200 – 600 cpsi monoliths, there was a reduction in inner cell radius as
expected because of the additional channels required to increase the cell density. At higher
cell density, the reductions in cell diameter gave rise to a relatively constant ɛb because
increasing the cell density simultaneously increased the infill percentage per layer and
reduced the necessary sample height to achieve 4.67 g. In the macroporous monoliths (200
cpsi-1 and 200 cpsi-3), the increased tip diameter prompted increased the channel
thickness. Nevertheless, ɛb was consistent with the original formulation and, therefore, the
samples were still considered to be acceptable. In contrast, eliminating the methylcellulose
component increased paste spreading in 200 cpsi-2, and reduced ɛb by 12% from 200 cpsi.
This being stated, the sample was still considered for dynamic testing because the sample’s
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mass transfer was driven by particle diffusion, and not by film mass transfer, as will be
shown later.

Table 2. Geometric properties of 3D-printed zeolite 13X monoliths.
Sample

Ro
(cm)

R2
(cm)

R1
(cm)

dc
(cm)

h
(cm)

#cells

ɛm

ɛb

α
(cm-1)

0.76

a
(cm2/
cm3)
32.3

200
cpsi
400
cpsi
600
cpsi
200
cpsi-1
200
cpsi-2
200
cpsi-3

0.59

0.12

0.047

0.09

7.8

33

0.24

0.59

0.097

0.030

0.06

7.2

66

0.22

0.78

52.0

22.8

0.59

0.071

0.020

0.04

6.9

94

0.14

0.76

76.0

30.5

0.75

0.17

0.094

0.13

5.9

35

0.34

0.75

16.0

16.9

0.81

0.15

0.053

0.11

5.6

35

0.21

0.67

25.3

15.2

0.68

0.14

0.062

0.12

6.3

35

0.35

0.78

25.2

17.8

19.7

2.3. ZEOLITE MONOLITH CHARACTERIZATION
The monoliths surface areas, pore volumes, and micropore sizes were evaluated by
N2 physisorption isotherms at 77 K on a Micromeritics (3Flex) instrument. The samples
were degassed under vacuum for 12 h at 250 ºC on a Micromeritics Smart VacPrep system
prior to the measurements. The Brunauer-Emmet-Teller (BET) and non-local density
functional theory (NLDFT) methods were used to estimate the surface area and (micro)
and pore size distribution (PSD), respectively. The overall pore-size distribution, pore
volume, and tortuosity (τp) were assessed by high and low pressure sweep mercury
intrusion porosimetry (MIP) on a Quantichrome Poremaster. For low pressure, a sweep of
0 – 30 psi was used while a sweep of 20 – 60,000 psi was used for high pressure. Both
experiments were performed with fixed rate, dwell time of zero, and a motor speed of
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twelve. Approximately 0.5 g of sample was used in each experiment. The MIP pore
volumes were then used to calculate the wall porosity (εp) by eq. S2, Supporting
information and skeletal density (ρs, g/cm3) by eq. S3, Supporting Information which are
well-established correlations (Chandrasekhar and Ramaswamy, 2002; Kaufhold et al.,
2013; Lodge, 2010; Malbrunot et al., 2002; Ruthven, 1984). A field-emission scanning
electron microscopy (FE-SEM), Hitachi Model S4700 was used to assess the surface
morphology of the printed monoliths. ImageJ software was used to estimate the monoliths’
geometric properties. Compressive strength measurements were acquired using an Instron
5881 extensometer under 0.2 mm/min compression, an anvil height of 5 mm, and a head
thickness and width of 2 mm.

2.4. CO2 ADSORPTION EXPERIMENTS
The CO2 and N2 adsorption isotherms were measured on a Micromeritics 3Flex gas
adsorption analyzer at 25 ºC from 0 – 1 bar. Prior to each measurement, the samples were
evacuated under vacuum at 250 ºC for 4 h with SmartVac. The CO2 adsorption isotherms
were fitted using the Freudlich-Langmuir model. In addition, transient breakthrough tests
were performed to investigate the dynamic adsorption-desorption of CO2/N2 separation.
Prior to testing, the monoliths were degassed under vacuum for 12 h at 250 ºC. The
monoliths were regenerated prior to each breakthrough experiment with these conditions.
For each experiment, 4.67 g of monolith was loaded into the bed. Because of our printer
system’s height limitations, three printed monoliths of ~2.5 cm height were stacked in the
bed to achieve the correct weight. To maintain the sample weight between the different cell
densities and formulations, the monolith pieces were shaved with a razor blade as needed.
This step was necessary because the different cell densities and macroporosities produced

105
differences in monolith density. The experimental heights for the monolith stacks are
located in Table 2. Adsorption-desorption experiments were performed using a stainlesssteel fixed bed column with dimensions of 1.6 cm inner diameter and 13.6 cm height, as
shown in Figure 2. The column pressure was adjusted using a Swagelok back-pressure
regulator.

Figure 2. (a) Inert-pressurization/low-pressure desorption and (b) high-pressure
adsorption flow-paths in single column experiments.

The column pressure was measured with two MKS pressure transducers and
recorded by a National Instruments signal highway (NI USB-6212) with a data acquisition
time of 1 sec. The flow rates were controlled by two mass flow controllers (MFC, Brooks
Instrument). The temperature was held at 25 ºC by a thermocouple (Type K) and heating
tape interfaced with an Omega benchtop controller (CSI32K-C24 model). The CO2
concentration profiles were collected by a mass spectrometer (MS, BELmass). The
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experiments consisted of three steps: inert pressurization, pressurized adsorption, and inert
depressurization and desorption. During inert pressurization (Figure 2a), N2 was flowed
from the top MFC, down through the column, and towards the BPR. After reaching 5 bar
(absolute), the bottom MFC (adsorbate, 10% CO2/N2) was set to the experimental flow rate
and the top MFC (inert, N2) was set to zero. The two 3-way valves were then rotated 180º
(Figure 2b) to begin high-pressure adsorption. At this point, the experiment start time was
recorded and the pressure acquisition program (LabView) was initiated. After observing
full CO2 saturation, the top MFC was reset to the experimental flow rate while the bottom
MFC was set to zero. The 3-way valves were then reset to their original positions (Figure
2a), and depressurization was initiated by quickly opening the BPR (column pressure = 0.7
bar absolute). The experiment was terminated after observing full CO2 desorption. During
the experiments which examined the effects of cell density on adsorption kinetics, the flow
rate was varied between 60, 100 and 200 mL/min (0.5, 0.9, and 1.8 cm/s, respectively)
while it was held at 1.8 cm/s for the experiments which examined the effects of wall
porosity on adsorption kinetics. Across all runs, the adsorbate and inert flow rates were
always equivalent. For example, a 0.5 cm/s N2 flow rate was used for pressurization and
desorption in the experiment where the adsorbate flow rate was 0.5 cm/s. In the humidity
experiments, a 1.8 cm/s flow rate was used. To introduce the humidity, N2 was passed
through a bubbler for prior to pressurizing the column. After 1 h, the bubbler was removed,
the adsorption column was pressurized to 5 bar, and the CO2 adsorption behaviors for 200
– 600 cpsi were assessed using the previously detailed techniques. The breakthrough
profiles were normalized by the techniques reported in our earlier works (Lawson et al.,
2017; Thakkar et al., 2018b) and were used to calculate the mass transfer properties (mass
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transfer coefficient, mass transfer zone (MTZ), diffusivity, etc.) with well-established
correlations (Barrande et al., 2007; Benitez, 2009; Hu et al., 2014; Rezaei and Webley,
2009; Ruthven, 1984). For the porosity experiments’ desorption profiles, time zero was
considered to be the point where the CO2 concentration reached its maximum; thereby
eliminating any variation due to speed of BPR opening and allowing for comparison across
runs.

2.5.

BREAKTHROUGH MODELING
The breakthrough data was fitted using gPROMS. The molecular diffusivity (Dm,

cm2/s), superficial velocity (U, cm/s), and axial dispersion (DL, cm2/s) were calculated
using eq. S4a-c, Supporting Information. A full description of the equations and
assumptions used for breakthrough modeling as well as estimation of mass transfer
coefficients and diffusivity values is located in eq. S5-S12, Supporting Information.
Briefly, adsorption followed the linear driving force (LDF) model. A momentum balance
was performed between the bed and monolith voids while material balances were
performed in the bulk phase and at the monolith pore wall. Convection within the pore
matrix was assumed to be negligible and particle mass transfer was driven by effective
diffusion. From a macroscopic view, both convection and diffusion were assumed to occur
in the monolith channels. The square cells were assumed to behave identical to cylindrical
channels, thereby eliminating any resistance at the geometric corners. Interactions between
the different channels and printed layers were negligible. The axial dispersion (DL, cm2/s),
molecular diffusivity (Dm, cm2/s), geometric properties, and superficial velocities (U, cm/s)
were held constant during the simulation, while the overall mass transfer coefficient (k, s1

) was varied to fit the breakthrough profiles.
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3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION OF 3D-PRINTED ZEOLITE MONOLITHS
The SEM images of 200 cpsi monoliths are presented in Figure 3. Consistent with
our previous work (Thakkar et al., 2016), the zeolite-bentonite bonding produced pore sizes
of ~1 µm throughout the entire structure. A reduction in structural packing was observed
from 200 cpsi to 200 cpsi-2 (Figure 3a-b and Figure 3c-d, respectively). This was to be
expected, as eliminating the methylcellulose negated macrovoid production, and reduced
the space between particles.

Figure 3. SEM Micrographs of (a-b)200 cpsi, (c-d) 200 cpsi-2, (e-f) 200 cpsi-1, and
(g-h) 200 cpsi-3 monolith pore structures.

Moreover, doubling the methylcellulose concentration (200 cpsi-1) produced a
heterogeneous pore distribution (Figure 3e-f), with observed pores in both the 5 and 50 μm
ranges. While the smaller diameter was consistent with the other samples and could be
attributed to the bentonite-zeolite packing, the large voids were unique to 200 cpsi-1 and
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were attributed to gas accumulation during methylcellulose removal. Namely, the high
methylcellulose concentration caused the rate of gas generation to exceed the release rate,
giving rise to an internalized pressure, and prompting partial structure collapse. As
apparent from Figure 3e, however, the matrix bonds reformed around the surface defects,
which prevented complete geometric failure but produced severe pore heterogeneity. In
contrast, substituting kaolin for bentonite (Figure 3g-3h) reduced the structural packing
and gave rise to uniform more sizes. In turn, this caused more predictable mass transfer in
200 cpsi-3, as will be shown later.
The N2 physisorption isotherms, NLDFT pore distributions, Hg porosimetry
profiles, and MIP pore distributions are shown in Figure 4a, Figure 4b, Figure 4c, and
Figure 4d-4e respectively. Because the 200, 400, and 600 cpsi monoliths were all formed
by the same paste composition, only 200 cpsi underwent N2 physisorption and Hg
intrusion. In the N2 physisorption isotherms (Figure 4a), both 200 cpsi and 200 cpsi-2
monoliths exhibited type-H4 hysteresis; while type-H3 hysteresis was observed in 200
cpsi-1 and 200 cpsi-3. From literature, the former indicated microporous materials
(Cychosz et al., 2017) while the latter has been commonly reported for materials with
unfilled macro-voids (Thommes et al., 2015). These conclusions corresponded well with
the SEM images, which indicated substantial macroporosity in 200 cpsi-1 and 200 cpsi-3,
and were further supported by the NLDFT distributions (Figure 4b). Therein, both 200
cpsi-1 and 200 cpsi-3 exhibited increased pore diameters between 5 – 15 nm compared to
200 cpsi and 200 cpsi-2. The sample’s increased macroporosity was further observed in
the cumulative MIP intrusion (Figure 4c) where both 200 cpsi-1 and 200 cpsi-3 exhibited
sizable enhancement in pore volume from the 0.01 – 1 µm range relative to 200 cpsi and
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200 cpsi-2. From the mercury PSDs (Figure 4d), all monolith formulations contained
primary pore diameters at ~1 µm, imparted by the bentonite-zeolite bonds which were
observed in the SEM images. Nevertheless, isolating the pore size distribution between 10
– 100 µm revealed sizable differences in pore diameter across the different formulations.
In particular, pore sizes of 1,8, 13, 21, 36, 42, and 80 µm were observed in 200 cpsi-1 while
200 cpsi and only exhibited sizes of 1, 8, 11, and 80 µm. In contrast, 200 cpsi-3 exhibited
a much narrower range of pore sizes, as the differences in macroporosity from 200 cpsi
were allocated to 13 – 17 µm and 45 – 60 µm. Notably, these pore diameters corresponded
well to previous mercury pore distributions for kaolinite (Diamond, 1970) and further
evidenced that substituting a macroporous binder gave rise to better pore homogeneity than
increasing the methylcellulose concentration.
The monolith textural properties and skeletal densities are summarized in Table 3.
As evident, the BET surface areas for 200 cpsi, 200 cpsi-1, 200 cpsi-2, and 200 cpsi-3 were
560, 570, 570, and 550 m2/g, respectively. Notably, varying the paste formulation did not
produce any sizable difference in surface. This was expected because the only high surface
area material in the various paste formulations was zeolite 13X which was always 85 wt.%
after calcination. Moreover, the formulations’ differences in pore volume between were
mostly allocated to the macroporous range, as observed in Figure 4e, which cannot be
detected by N2 physisorption because the capillary action needed for sorbate retention is
insufficient. For this reason, MIP was used to garner a more encompassing profile of the
monoliths’ textural properties. From these experiments, the tortuosity was found to be
constant across all formulations and cell densities.

111

0.10

200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

a)
260

0.08

.

0.07
0.06

3

240

220

200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

b)

0.09

dV / dW (cm / g nm)

Quantity Adsorbed (cm3/gSTP)

280

0.05

200

180

0.04
0.03
0.02
0.01

160

0.00

0.0

0.2

0.4

0.6

0.8

1.0

0

10

P/P0
4.5

200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

c)

0.56
0.48

40

50

200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

d)

3.5
3.0
2.5

3

0.40
0.32
0.24
0.16
0.08
0.00
1E-3

30

4.0

dV/dlogd (cm /gsample)

3

Pore Volume (cm /gsample)

0.64

20

Pore Diameter (nm)

2.0
1.5
1.0
0.5
0.0

0.01

0.1

1

10

100

1000

1E-3

Pore Diameter (m)

0.1

1

10

Pore Diameter (m)

100

1000

200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

e)

0.25
0.20

3

dV/dlogd (cm /gsample)

0.30

0.01

0.15
0.10
0.05
0.00
10

20

30

40

50 60 70 80 90100

Pore Diameter (m)

Figure 4. (a) N2 Physisorption isotherms, (b) NLDFT pore size distributions, (c) mercury
porosimetry profiles, (d) mercury pore size distribution, and (e) amplified mercury
distribution for different paste formulations.

This was to be expected because the Maxwell permeability theory for homogeneous
microporous beds indicates that the tortuosity should be ~2.0. Given that these samples
were all dominantly microporous, they exhibited tortuosity values which were consistent
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with literary data (Barrande et al., 2007). Therein, increasing the methylcellulose
concentration enhanced 200 cpsi-1’s pore volume by 15% from 200 cpsi, while eliminating
methylcellulose reduced 200 cpsi-2’s macropore volume by 6%.

Table 3. Textural properties and skeletal densities of 3D-printed zeolite 13X monoliths.
Monolith

SBETa
(m2/g)

Vpb
(cm3/g)

200 cpsi
400 cpsi
600 cpsi
200 cpsi-1

560
560
560
570

0.53
0.53
0.53
0.62

NLDFT Pore
size
(nm)
2.1, 20
2.1, 20
2.1, 20
2.0, 7.5, 20

Hg Pore size
(µm)

ρs
(g/cm3)

1, 8, 11, 80
1, 8, 11, 80
1, 8, 11, 80
1, 8, 13, 21,
36, 42, 80
200 cpsi-2
570
0.50
2.0, 25
1, 11
200 cpsi-3
550
0.55
2.0, 10, 20
1, 13 – 17,
45 – 60, 80
a
SBET was obtained by analyzing nitrogen adsorption data at 77
pressure ranging from 0.1 to 0.3.
b

c

τpc

εpd

4.60
4.60
4.60
3.93

2.0
2.0
2.0
1.9

0.38
0.40
0.38
0.42

4.87
4.43

1.9
2.0

0.23
0.46

K in a relative vapor

Vp was obtained using mercury intrusion porosimetry.

τp was obtained using mercury intrusion porosimetry.

d

εp was calculated from the pore volume.

Similarly, partially substituting kaolin for bentonite increased 200 cpsi-3’s pore
volume by 4% from 200 cpsi. These differences in pore volume yielded predictable
changes in both skeletal density and wall porosity across the various paste formulations.
Compared to 200 cpsi, 200 cpsi-1’s enhanced pore volume increased the wall porosity by
10% and reduced the skeletal density by 15%. A similar effect was observed in 200 cpsi3; where the sample’s enhanced pore volume increased the wall porosity by 21% and
reduced the skeletal density by 4%. Meanwhile, 200 cpsi-2’s lesser pore volume decreased
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the monolith’s wall porosity by 40% and increased the skeletal density by 15%. These
textural properties were in agreement with the observations from SEM which indicated that
both increasing the methylcellulose concentration and substituting kaolin for bentonite
enhance macropososity, however, the former approach yields greater diversity in pore size
larger increases in pore volume.
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Figure 5. Sustainable loads of (a) 200-600 cpsi and (b) differing macroporosity
monoliths.

The effect of cell density and porosity on compressive strength of the 3D-printed
monoliths are illustrated in Figure 5. As evident, increasing the cell density and the solid
infill percentage, yielded an exponential increase in sustainable load (Figure 5a).
Specifically, the compressive strength increased by 30% from 200 cpsi to 400 cpsi, and by
55% from 400 cpsi to 600 cpsi. Notably, this differed from reports for extruded monoliths
which exhibit similar strengths at higher cell density (Myers et al., 2010). Nevertheless,
the extruded monolith cell wall diameter, typically, is reduced at higher cpsi and, thusly,
cannot be considered an accurate analogue to printed monoliths. From Figure 6b, reducing
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200 cpsi-2’s porosity increased its strength by 20% from 200 cpsi-2. This was to be
expected, as eliminating the methylcellulose increased the structural packing and rendered
the support more entirely solid. However, Figure 6b evidenced that porosity can be
increased without compromising structural strength; as doubling the methylcellulose did
not reduce 200 cpsi-1’s sustainable load compared to 200 cpsi. Instead, the zeolitebentonite matrix reformation – observed in SEM – gave rise to a slightly higher mechanical
strength. Although, 200 cpsi-3 monoliths that experienced higher porosity without bond
reformation exhibited reduction in strength by 13%, the sustainable load was still
comparable to our earlier works (Lawson et al., 2018; Thakkar et al., 2017a).

3.2. INFLUENCE OF
.PERFORMANCE

STRUCTURAL

PROPERTIES

ON

ADSORPTION

The CO2 and N2 adsorption isotherms at 25 ºC are shown in Figure 7.As evident, all
samples exhibited a very high selectivity towards CO2 over N2 which is consistent with
previously reported literature (Thakkar et al., 2016) and indicated that varying the
macroporosity did not produce adverse effects with regards to N2 adsorption. Across all
CO2 adsorption isotherms, the Freudlich-Langmuir model produced R2 values greater than
0.98 indicating that the selected method was an effective model to describe the
experimental data. As evident, there were no appreciable differences in CO2 capacity
across the different cell densities (Figure 6a – 6c). This was foreseeable as these
formulations contained identical zeolite loadings. On the other hand, 200 cpsi-1 (Figure
7d) exhibited a 10% reduction in CO2 adsorption capacity from 200 cpsi even though its
loading was held at 85 wt.%. This was attributed to the increased zeolite-bentonite bonding
which occurred around the large surface defects (Figure 3e).
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Figure 6. N2 and fitted CO2 adsorption isotherms for (a) 200, (b) 400, and (c) 600 cpsi
monoliths and, (d) 200 cpsi-1, (e) 200 cpsi-2, and (f) 200 cpsi-3 at 25 ºC from 0 – 1 bar.

Because the number of bonds were increased, 200 cpsi-1’s number of adsorption sites
was reduced from the other formulations and the adsorption capacity was lessened.
Moreover, a similar effect was observed in 200 cpsi-3 (Figure 7f), where introducing kaolin
gave rise to lesser matrix binding, and enhanced the CO2 adsorption by 10% from 200 cpsi.
This was supported by the compressive strength measurements (Figure 5b) where 200 cpsi3’s reduction in sustainable load suggested fewer matrix bonds. Accordingly, substituting
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a macroporous binder was concluded to be a better method of increasing macorporosity
because it did not compromise the adsorption potential. It is also worth noting here that
there was no difference in CO2 adsorption capacity between 200 cpsi and 200 cpsi-2.
Although 200 cpsi-2’s reduction in pore volume might be expected to reduce the matrix
bonding, Figure 7e evidences that this did not occur. Rather, elimination of methylcellulose
did not impact the CO2 adsorption at all. In agreement with the textural properties from
Table 3, this further indicated that neither 200 cpsi nor 200 cpsi-2 contained enough
methylcellulose to generate an internal pressure and generate macroporosity.
The influence of flow rate and cell density on CO 2 adsorption-desorption kinetics is
demonstrated in Figure 8, while the calculated mass transfer properties are summarized in
Table 4. Across all flow rates and cell densities, no notable changes in desorption kinetics
were observed. This was unsurprising given that the driving forces for desorption are
pressure and concentration gradient (Chahbani and Tondeur, 2000), which were consistent
across the different experiments. Unlike desorption, the adsorption rate is driven by a
concentration gradient across the geometric surface and within the pore matrix. Namely,
the closest accessible pores are saturated with adsorbate first, followed by pores which are
further away from the incoming gas stream or require longer intraparticle diffusion time.
In turn, this creates a layer-wise pore filling effect which produces an area of high CO2
concentration at the gas inlet but a reduced concentration at greater distances (Won et al.,
2012). This causes differences in adsorption rate across the various geometries because the
higher diffusional resistance in 400 and 600 cpsi reduces the pore accessibility and gives
rise to higher CO2 path lengths. As observed in the adsorption kinetics, this dependence on
mean free path produced sizable dynamic differences across adsorbent geometries and flow
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rates. As anticipated from literature (Lodewyckx et al., 2004; Rezaei and Webley, 2010,
2009), increasing the cell density gave rise to enhanced film mass transfer. Namely,
increasing the cell density from 200 – 400 cpsi nearly doubled kf at every flow rate.
Similarly, increasing the cell density from 400 – 600 cpsi gave rise to a ~30% enhancement
in kf. However, as apparent from the breakthrough profiles (Figure 7), the enhancement in
film mass transfer did not improve adsorption kinetics. Instead, the breakthrough fronts
broadened at both higher cell density and superficial velocity because they were limited by
molecular mass transfer. Specifically, increasing the flow rate and cell density reduced the
CO2 residence time because of the previously discussed gas throttling effect (Chen et al.,
2008; Sadeghi et al., 2017). Because the 200 – 600 cpsi monoliths were of low
macroporosity, the adsorbate diffusion through the zeolite particles was limited by
intraparticle diffusional resistance. As will be discussed later, these intraparticle diffusional
resistances caused the molecular mass transfer rate to be one order of magnitude slower
than the film transfer rate. From Eq. S10c, Supporting Information, the slow molecular
mass transfer caused the overall mass transfer rate to be relatively independent of film mass
transfer. In turn, the adsorption kinetics were not increased at higher cell density and
superficial velocity, as the enhancement in film mass transfer was marginal relative to the
reduction in molecular mass transfer. These effects were especially pronounced at higher
superficial velocity, where contact time was further shortened, but the rate of molecular
mass transfer – being dependent on intraparticle diffusional resistance – remained
relatively consistent. Effectively, this prompted an increased kinetic dependence on
diffusion over convection, as evident by the reduction in Pe number at higher superficial
velocity (Bear and Corapcioglu, 2001; Lawson et al., 2019; Rezaei et al., 2011; Rezaei and
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Webley, 2009). Consequently, these poor rates of molecular mass transfer reduced the
working adsorption capacities significantly in the 400 – 600 cpsi monoliths. Specifically,
only the 200 cpsi monoliths exhibited a working CO2 adsorption capacity which was
comparable to that of commercial zeolite 13X pellets (3.3 vs. 2.7 mmol/g, respectively)
under similar conditions (25 °C, 3 bar, and 0.9 cm/s) (Zhang et al., 2010). This was further
supported by reductions in effective diffusivity and particle mass transfer coefficient at
increased cell density.
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Figure 7. CO2 adsorption (5 bar)-desorption (0.7 bar) concentration profiles at (a) 0.5, (b)
0.9, and (c) 1.8 cm/s and 25 ºC.

Table 4. Kinematic constants from adsorption-desorption experiments for different cell
densities.
Sample

U
(cm/s)

t5
(min)

t95
(min)

q5
(mmol/g)

q95
(mmol/g)

Pe

DL×103
(cm2/s)

Re

kf×10
(s-1)

200 cpsi
200 cpsi
200 cpsi
400 cpsi
400 cpsi
400 cpsi
600 cpsi
600 cpsi
600 cpsi

0.5
0.9
1.8
0.5
0.9
1.8
0.5
0.9
1.8

39.9
34.4
8.6
27.4
8.3
4.5
17.9
22.8
3.7

62.6
58.6
28.1
73.7
51.1
27.9
77.0
64.5
37.2

2.3
3.3
1.6
1.6
1.8
0.9
1.0
2.2
0.7

3.6
5.6
5.4
4.2
4.9
5.3
4.4
6.2
7.1

140
90
40
220
150
70
340
200
100

3.4
9.6
40.3
1.4
3.9
16.4
0.6
1.7
7.3

300
490
1000
270
450
930
240
610
890

1.6
1.8
2.1
2.4
2.6
2.9
3.5
3.8
4.0

119

1.0

a)

200 cpsi

400 cpsi

2

2

R = 0.99

R = 0.99

2

R = 0.99

C/C0
0.5 cm/s, measured
0.5 cm/s, regressed
0.9 cm/s, measured
0.9 cm/s, regressed
1.8 cm/s, measured
1.8 cm/s, regressed

0.2

0.0
20

40

60

80

100

2

R = 0.99

R = 0.99

0.6

0.4

0.5 cm/s, measured
0.5 cm/s, regressed
0.9 cm/s, measured
0.9 cm/s, regressed
1.8 cm/s, measured
1/8 cm/s, regressed

0.2

0.0
0

2

2

R = 0.99

R = 0.99

0.6

0.4

600 cpsi

R = 0.99

2

2

2

R = 0.99

0.6

c)

0.8

0.8

0.8

C/C0

1.0

b)

C/C0

1.0

0

20

40

60

80

100

0.4

0.5 cm/s, measured
0.5 cm/s, regressed
0.9 cm/s, measured
0.9 cm/s, regressed
1.8 cm/s, measured
1.8 cm/s, regressed

0.2

0.0
0

20

40

60

80

100

Time (min)

Time (min)

Time (min)

Figure 8. Fitted CO2 adsorption profiles for (a) 200, (b) 400, and (c) 600 cpsi monoliths at
0.5 – 1.8 cm/s.

Table 5. Simulated mass transfer coefficients for different cell densities.
Sample
200 cpsi
200 cpsi
200 cpsi
400 cpsi
400 cpsi
400 cpsi
600 cpsi
600 cpsi
600 cpsi

U
(cm/s)
0.5
0.9
1.8
0.5
0.9
1.8
0.5
0.9
1.8

k ×102
(s-1)
2.2
1.6
1.0
1.4
1.0
1.0
0.7
0.5
0.35

kp ×102
(s-1)
2.6
1.8
1.0
1.5
1.1
1.0
0.7
0.5
0.4

De×103
(cm2/s)
1.7
1.2
0.7
1.1
0.8
0.7
0.04
0.03
0.02

For example, in the 0.5 cm/s experiments – where the adsorbate-adsorbent contact
times were the highest – increasing the cell density from 200 to 400 cpsi reduced the
particle mass transfer coefficeint and effective diffusivity by 42% and 35% respectively.
Increasing the cell density from 400 to 600 cpsi further exacerbated these effects, as
evidenced by the latter sample’s 73% reduction in particle mass transfer coefficient and
98% reduction in effective diffusivity compared to 200 cpsi.
The 200 – 600 cpsi monoliths’ MTZ lengths and theoretical pressure drops as a
function of superficial velocity are shown in Figure 10a and Figure 10b, respectively. The
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theoretical pressure drops were outside of the transmittable range for our pressure
transducers (+ 0.2 bar) and, thusly, the experimental pressure profiles are contained in
Figure S1 – S4, Supporting Information. Corresponding with the mass transfer coefficients,
MTZ length increased nearly exponentially with superficial velocity across all three cell
densities. (Figure 10a). Examining the 1.8 cm/s experiments – where the throttling effect
was greatest – increasing the cell density from 200 to 400 cpsi produced a 5% increase in
MTZ length. Moreover, increasing the cell density to 600 cpsi produced an MTZ length
which was nearly double that of 200 cpsi.
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Figure 9. (a) MTZ and (b) theoretical pressure drops for different cell densities at the
three experimental superficial velocities.

When considered from a process standpoint, the MTZ lengths presented in Figure
9a strongly agree with the previously discussed mass transfer coefficients and breakthrough
profiles, which indicated the importance of minimizing the printed monolith cell density
for improvement of adsorption kinetics. This was further supported by the theoretical
pressure drops (Figure 9b) which indicated that reducing the hydraulic cell diameter
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yielded greater energetic losses over the monolithic bed. When considered at 1.8 cm/s,
increasing the cell density from 200 to 400 cpsi more than doubled the calculated pressure
drop. Similarly, further increasing the cell density to 600 cpsi tripled the pressure losses
compared to 200 cpsi. Although the high cell density monoliths’ pressure drops were still
lower than those of pelletized adsorbents (Rezaei and Webley, 2009), they were sizable
enough to be problematic from an overall process perspective which further confirmed that
the printed monolith cell density should be kept low to reduce energy costs and improve
mass transfer.
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Figure 10. (Closed) Dry and (open) humidified CO2 adsorption profiles for (a) 200, (b)
400, and (c) 600 cpsi monoliths at 1.8 cm/s, 5 bar, and 25 ºC.

The influence of humidification on CO2 adsorption performance across the 200 –
600 cpsi monoliths is shown in Figure 10 while the corresponding breakthrough data is
summarized in Table 6. Unsurprisingly, pre-treating the monoliths to humidified N2 before
pressurization reduced the CO2 adsorption capacities across all samples. Namely, the presaturation of adsorbent pores with water reduced the breakthrough widths by 73%, 73%,
and 61% in 200, 400, and 600 cpsi, respectively, which corresponded to 69%, 83%, and
57% reductions in q5 as well as 73%, 73%, and 60% reductions in q95 (Table 6). The sizable
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reductions in working capacity can be attributed to the permanent dipole moment in water
molecules, which promotes strong cationic interactions with sodium in the zeolite structure.
On the other hand, quadrapolar CO2 molecules do not chemically interact with the pore
structure, which leads to a reduced selectivity relative to water (Joos et al., 2013). As can
be seen, the 200 and 400 cpsi monoliths experienced greater reductions in working capacity
compared to 600 cpsi. This can be attributed to the former’s enhanced kp values, which
allowed the water to permeate through the adsorbent structure and saturate the zeolite
pores. On the other hand, 600 cpsi’s reduced kp produced barriers to water diffusion, which
reduced the water’s diffusion rate, and led to a higher working capacity. However, even in
600 cpsi, the losses in working capacity were sizable compared to the dry experiments and,
for this reason, we concluded that a hydrophilic guard bed should be used when
implementing 3D-printed zeolite 13X monoliths in industrial CO2 adsorption processes.

Table 6. Breakthrough widths and CO2 adsorption capacities from dry and humidified
experiments.
Sample

t5
(min)

t95
(min)

q5
(mmol/g)

q95
(mmol/g)

200 cpsi – dry
200 cpsi – humidified
400 cpsi – dry
400 cpsi – humidified
600 cpsi – dry
600 cpsi – humidified

8.6
2.4
8.3
1.7
3.7
1.6

28.1
7.7
27.9
6.9
37.2
14.5

1.6
0.5
1.8
0.3
0.7
0.3

5.4
1.5
4.9
1.3
7.1
2.8
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3.3. ADSORPTION-DESORPTION PERFORMANCE OF 3D-PRINTED ZEOLITE
.MONOLITHS
The different formulations’ adsorption-desorption profiles are shown in Figure 11
while the corresponding data is displayed in Table 7. As evident, the differences in
monolith geometry – imparted by the variations in paste rheology – reduced 200 cpsi-1, 2,
and 3’s film mass transfer slightly. Nevertheless, because the monoliths’ mass transfer rates
were driven by particle diffusion, the differences in kf could be considered negligible. In
the breakthrough adsorption profiles (Figure 12a), eliminating the methylcellulose
concentration caused 200 cpsi-2’s wavefront to broaden by 16% from 200 cpsi. This result
was to be expected, as 200 cpsi-2’s textural properties indicated a reduced pore size, which
should lead to increased diffusional resistance.
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Figure 11. (a) Normalized CO2 adsorption (5 bar) and (b) desorption (0.7 bar)
concentration profiles for different macroporosity monoliths at 1.8 cm/s.

Similarly, increasing the macropore volume reduced 200 cpsi-1’s and 200 cpsi-3’s
breakthrough widths by 40% from 200 cpsi. The enhancement in particle mass transfer was
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further supported by the reduction in Pe for 200 cpsi-1 and 200 cpsi-3 compared to 200
cpsi which indicated a reduced mass transfer reliance on diffusion over convection as
discussed previously.

Table 7. Kinematic constants from adsorption-desorption experiments at different
macroporosity.
q95
(mmol
/g)
5.4

Pe

DL×103
(cm2/s)

Re

28.1

q5
(mmol
/g)
1.6

40

40.3

1000

8.9

20.6

1.7

3.9

20

161.2

810

6.3
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Figure 12. Fitted CO2 adsorption profiles for different paste formulations.

In agreement with the adsorption isotherms, however, 200 cpsi-1’s increased matrix
binding reduced the number of active adsorbent sites and gave rise to a lower adsorption
capacity compared to 200 cpsi-3. Therefore, substituting a macroporous binder was
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concluded to be the better method for enhancing printed monolith macroporosity and
adsorption kinetics. The fitted CO2 breakthrough profiles for 200 cpsi monoliths with
different formulations are presented in Figure 12 while the corresponding mass transfer
coefficients estimated from these profiles are listed in Table 8. Similar to the previous
models, the breakthrough fittings in Figure 12 all achieved R2 values greater than 0.99,
indicating that the mass transfer coefficients accurately represented the dataset. From these
profiles, increasing the monolithic porosity reduced intraparticle diffusional resistance and
produced faster kinetics. Specifically, increasing the methylcellulose concentration
enhanced the overall mass transfer coefficient from 1.0×10-2 s-1 in 200 cpsi to 2.5×10-2 s-1
in 200 cpsi-1. Similarly, substituting kaolin for bentonite increased 200 cpsi-3’s overall
mass transfer coefficient to 3.8×10-2 s-1. Although the mass transfer coefficients were still
less than reported in literature for CO2 adsorption on zeolite 13x monoliths (~7.2 ×10-2 –
9.0×10-2 s-1 (Dantas et al., 2011; Mosca et al., 2010)), they were still vastly enhanced from
200 cpsi. These drastic differences in adsorption kinetics were a direct result of reductions
in intraparticle diffusional resistance, as evidenced by the monoliths’ largely enhanced
particle mass transfer coefficients and effective diffusivities relative to 200 cpsi and 200
cpsi-2. In turn, this resulted in MTZ lengths to decrease by 50% and 83% for 200 cpsi-1
and 200 cpsi-3, respectively, from 200 cpsi.

Table 8. Simulated mass transfer coefficients for different paste formulations.
Sample
200 cpsi
200 cpsi-1
200 cpsi-2
200 cpsi-3

U
(cm/s)
1.80
1.80
1.80
1.80

k×102
(s-1)
1.0
2.5
0.7
3.8

kp×102
(s-1)
1.0
3.0
0.7
4.9

De×103
(cm2/s)
0.7
1.6
0.7
3.1

MTZ
(cm)
0.4
0.2
0.8
0.07
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It is also worth noting that eliminating the methylcellulose component doubled 200
cpsi-2’s MTZ length. As apparent, substituting kaolin for bentonite was a more effective
approach for improving mass transfer than increasing the methylcellulose concentration.
This was attributed to binding differences between the two formulations. As evident in the
mechanical strength experiments, 200 cpsi-1 exhibited additional matrix binding around
the surface defects compared to the other formulations. This increase in matrix bonding
increased resistance to molecular diffusion and slower mass transfer. On the other hand,
200 cpsi-3 – with lower structural strength – contained few matrix bonds than 200 cpsi-1.
As evident, the lesser matrix bonding led to lower diffusional resistance and faster mass
transfer in 200 cpsi-3 compared to 200 cpsi-1. Thusly, substitution of a macroporous
binder was concluded to be more effective for increasing printed monolith porosity and
enhancing adsorption kinetics.

4. CONCLUSIONS

This work investigated the relationship between 3D-printed monolith cell density,
intrinsic porosity, and dynamic performance. The mass transfer rate decreased with both
increased cell density and flow rate; as gas throttling lessened the adsorbate-adsorbent
contact time and caused breakthrough to occur long before the pores were saturated with
CO2. If high cpsi monoliths are desirable, then, this work shows that low flow rates would
produce the best kinetics. Nevertheless, this condition is not industrially viable; as it would
lead to long cycle times and poor recovery. Therefore, low cell density monoliths were
concluded to be better for dynamic applications because their mass transfer is not as
inhibited by molecular diffusion. Even in the 200 cpsi monolith, intraparticle resistance
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slowed the adsorption rate. To overcome this, we enhanced the macroporosity to reduce
resistance to molecular mass transfer. This was accomplished by increasing the
methylcellulose concentration or by substituting a macroporous kaolin binder for
mesoporous bentonite. Between the two approaches, substituting a macroporous binder
gave rise to increased pore volume and the fastest mass transfer. Increasing the
methylcellulose concentration also enhanced the macropore volume and adsorption
kinetics, however, the additional bond reformation around the large pore defects reduced
the overall adsorption capacity. Therefore, this work concluded that substituting a
macroporous binder is a better approach of increasing printed monolith mass transfer, as it
reduces intraparticle diffusion without compromising adsorption capacity. Overall, this
work established the crucial relationship between printed monolith cell density, intrinsic
porosity, and adsorption kinetics and provided a novel pathway of improving their process
performance. Through the knowledge culminated herein, 3D-printed adsorbents’ mass
transfer properties can be understood on a fundamental level and they could soon be viable
for scaled applications.
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SUPPORTING INFORMATION

1. CALCULATIONS

1.1. GEOMETRIC PROPERTIES
The monolith void fraction is defined as the volume which is unoccupied. Put simply,
it can be defined as the ratio between the area of empty cell space and the cross sectional
surface area (eq. S1a);

m =

(# cells)d c2
 Ro2

(S1a)

where dc and Ro are the cell diameter (cm) and outer monolith radius (cm), respectively.
The bed void fraction is defined as the volume of the bed which is not occupied by the
adsorbent (eq. S1b).

b = 1−

(infill)
Vb

(S1b)

Where Vb is the total bed volume (27.3 cm3) and the solid infill can be broken down into
two parts: geometric infill and particle infill. The geometric infill can be considered the
monolith fraction which is not occupied by the cell voids (eq. S1c).
geometric = (1 −  m )( Ro2 h)

(S1c)

Combining with eq. S1c then gives the bed void fraction (eq. S1d)

b = 1−

(1 −  m )( Ro2 h)
Vb

The geometry factor (α, cm-1) was calculated by eq. S1e.

(S1d)
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2R2
R22 − R12

=

(S1e)

Where R2 and R1 are the monolith outer and inner cell radii, respectively. The specific
surface area per bed volume ratio (a, cm2/cm3) was calculated by eq. S1 f.

a=

2 b
R1

(S1f)

1.2. MONOLITH WALL POROSITY
The monolith porosity was estimated using the MIP measurements (eq. S2) where
the denominator term arises from the monolith infill percentage.

p =

Vp M s
(1 −  m )( Ro2 h)

(S2)

where Vp, h, and Ms are the monolith pore volume from MIP (cm2/g), experimental sample
height (cm), and degassed sample weight (4.67 g), respectively.

1.3. MONOLITH SKELETAL DENSITY
The monolith skeletal densities were calculated using eq. S3;
n

s =

 y
i =1

i i

Vp

(S3)

where ρi, yi, and are the individual component helium densities (g/cm3) (Chandrasekhar
and Ramaswamy, 2002; Kaufhold et al., 2013; Malbrunot et al., 2002) and calcined
component fractions (wt.%), respectively.
1.4. DIFFUSIVITY
The molecular diffusivity (Dm) during adsorption was calculated using the ChapmanEnskog Equation (Taylor et al., 2011) (eq. S3a);
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1
1
+
M1 M 2
2
Patm 12 

1.86*10−3 T 3/2
Dm =

(S4a)

where T, M1, M2, Patm, σ12, and Ω are temperature (K), molecular weight of CO2 (mmol/g),
molecular weight of N2 (mmol/g), experiment pressure (atm), kinematic diameter of
CO2/N2 (3.47 Å) (Scholes et al., 2008), and collision integral constant for CO2/N2 (Scholes
et al., 2008) (1.02), respectively. At 5 bar, Dm = 0.037 cm2/s. The superficial velocity (U,
cm/s) was calculated by eq. S4b.

U=

Q
60 Acs

(S4b)

Where Q is the volumetric flowrate (cm3/min) Acs is the pipe cross-sectional area (1.89
cm2) and 60 arises from converting Q into cm3/s. The superficial velocity and molecular
diffusivity were used to calculated the axial dispersion (eq. S4c)

4(UR1 ) 2
DL =
192 Dm

(S4c)

1.5. BREAKTHROUGH NORMALIZATION
The calculations outlined in our earlier works (Lawson et al., 2019, 2018, 2017a,
2017b; Rezaei et al., 2017; Thakkar et al., 2018) were used to normalize the CO2
concentration profiles. The fully saturated CO2 concentration during adsorption was
considered as the relative breakthrough maxima; therefore, the CO2 desorption
concentrations are all greater than one.
1.6. EQUATIONS FOR BREAKTHROUGH MODELING
Parameter estimation was performed using the material and momentum balances
under isothermal condition. The material balance in the bulk phase is defined by eq. S5a:
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b

Cb
DL  2Cb
U Cb
=−
+
+ ka Cm − Cb
t
60 z 10000 z 2

(

)

(S5a)

where Cb (mol/m3), Cm (mol/m3), t (s), k, and z (m) are the bed bulk CO2 local
concentration, the monolith wall pore gas CO2 average concentration, temporal coordinate,
overall mass transfer coefficient (k, s-1) and bed axial spatial coordinates, respectively.
The CO2 mass balance at the monolith pore wall is shown in eq. S5b:

m

Cm
q
= − m
− k Cm − Cb
t
t

(

)

(S5b)

where q (mol/kg) and ρm (kg/m3) are the adsorbed phase concentration averaged over the
volume of the monolith wall using the linear driving force (LDF) model (eq. S7c) and
monolith density (eq. S7d), respectively.
q
= k LDF qeq − q
t

(

m =

 s p

)

(S5c)

(S5d)

1000

Where kLDF (s-1) is the LDF constant and qeq (mol/kg) is the equilibrium adsorption
saturation concentration; as gathered by the adsorption isotherms using the modified
Freundlich-Langmuir model (eq. S7e):
qeq =

qsat b p pm
1 + b p pm

n
n

(S5e)

where p pm (N/m2) and qsat (mol/kg) are the CO2 partial pressure inside the monolith wall
pores (eq. S7f) and equilibrium adsorption saturation concentration, respectively; while b
and n are the dimensionless Freundlich-Langmuir equilibrium adsorption parameters.

p pm = Cm RT

(S5f)

136
Where R is the universal gas constant (8.314 J/mol k)
The bed-void momentum balance was accounted for using the modified Hagen-Poiseuille
flow to define the pressure variable (eq. S7g):

Ptb
32U
=−
− g b
z
600(2 R1 ) 2  b

(S5g)

where Ptb (N/m2), g (m/s2), and ρb (kg/m3) are the total local pressure in the bed bulk,
density of 10% CO2/N2 at 5 bar and 298 K (6.00 kg/m3), and gravitational acceleration
constant (9.8 m/s2), respectively.
1.7. BOUNDARY CONDITIONS FOR BREAKTHROUGH MODELING
The boundary conditions for the momentum and mass balances are shown in eq.
S6a – S6c:
Ptb (0) = (C f + 39.63) RT

(S6a)

where C f = 0.44 mol/m3 is the CO2 bed inlet concentration, 39.63 mol/m3 is the
corresponding N2 bed inlet concentration. These values were calculated based on the
composition of a 10/90 % CO2/N2 bed inlet feed mixture.
Cb (0) = C f

(S6b)

Cb ( L)
=0
z

(S6c)

1.8. INITIAL CONDITIONS FOR BREAKTHROUGH MODELING
The initial conditions used for breakthrough modeling are shown in eq. S7a – S7d:
Cb ( z ) = Cb 0

(S7a)

Cm ( z ) = Cm 0

(S7b)

q( z ) = q0

(S7c)
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q0 =

qsat b(Cm 0 RT )n
1 + b(Cm 0 RT ) n

(S7d)

Due to the inherent computational limitation caused by division by zero error, Cb 0 and
Cm 0 were set as 1E-5 mol/m3.

1.9. PECLET NUMBER
A method to calculate Pe in monolith beds was reported previously (Rezaei and
Webley, 2009). The established method (eq. S5) was used to calculate Pe;

Pe =

192 Dm
Udc

(S8)

where is the  gas viscosity (1.4*10-6 poise) (Gururaja et al., 1967).
1.10. REYNOLD’S NUMBER
The Reynold’s number (Re) was calculated by eq. S9 which has been defined
previously (Rezaei and Webley, 2009).
Re =

Uh
10000

(S9

1.11. MASS TRANSFER COEFFICIENT (k)
The calculations for monolith mass transfer coefficient were defined previously
(Rezaei and Webley, 2009) (eq. S10a – S6b).
Where the factor of 10,000 stims from converting the height and superficial
velocities to m/s and m, respectively. The Schmidt number (Sc) was calculated by eq. 10a:

Sc =

10000
Dm

(S10a)

Where the 10,000 arises when the molecular diffusivity is converted to m2/s. Across all
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monoliths, Sc = 0.37. These values along with previously calculated constants were then
used to calculate the film mass transfer coefficient (kf, s-1) by eq. S10b:

kf =

3.6 Dm
2R
(1 + 0.139 1 Re Sc)0.81
dc
h

(S10b)

When combined with the overall mass transfer coefficient (k, s-1) from breakthrough
modeling, axial dispersion, and superficial velocity, eq. S10c could be used to calculate the
particle mass transfer coefficient (kp, s-1)

1 1 1 DL
= + +
k k f kp U 2

(S10c)

From these values, the effective diffusivity (De, cm2/s) could then be calculated by eq.
S10d.

kp =

4 De R1
R22 − R12

(S10d)

1.12. MASS TRANSFER ZONE (MTZ)
The calculations for MTZ across a monolith-packed column were established
previously (Rezaei and Webley, 2009) and are outlined in eq. S10;

MTZ 

U
q
 b k + ak  s 5
cf

(S11)

Where q5, and cf are the quantity adsorbed at 5% saturation (mmol/g), and CO2
concentration (XCO2 = 0.1), respectively;
1.13. THEOTRETICAL PRESSURE DROP (∆P/L)
The Hagen-Poiseuille equation (Rezaei and Webley, 2009) (eq. S11) was used to
estimate the theoretical pressure drop across the monolith-packed column;
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P 3.2*105U 
=
L
dc2 b

(S12)

2. EXPERIMENTAL PRESSURE PROFILES

Because of the limitations in our data acquisition system, the theoretical pressure
drops were not detectable, as they lied within the upper and lower bounds of instrumental
precision. Therefore, they are shown in Figure S1 – S4.
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Figure S1. Pressure transducer readings at bottom and top of column for blank (a), 200
cpsi (b), 400 cpsi (c), and 600 cpsi (d) monolith adsorption-desorption experiments at 0.5
cm/s.
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Figure S1. Pressure transducer readings at bottom and top of column for blank (a), 200
cpsi (b), 400 cpsi (c), and 600 cpsi (d) monolith adsorption-desorption experiments at 0.5
cm/s (cont.).
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Figure S2. Pressure transducer readings at bottom and top of column for blank (a), 200
cpsi (b), 400 cpsi (c), and 600 cpsi (d) monolith adsorption-desorption experiments at 0.9
cm/s.
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Figure S2. Pressure transducer readings at bottom and top of column for blank (a), 200
cpsi (b), 400 cpsi (c), and 600 cpsi (d) monolith adsorption-desorption experiments at 0.9
cm/s (cont.).
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Figure S3. Pressure transducer readings at bottom and top of column for blank (a), 200
cpsi (b), 400 cpsi (c), and 600 cpsi (d) monolith adsorption-desorption experiments at 1.8
cm/s.
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NOMENCLATURE

dc = monolith inner cell diameter, cm
h = experimental monolith height, cm
Vb = bed volume, cm3
Vp = pore volume, cm3/g
yi = calcined component fraction, wt.%
T = experimental bed temperature, K
M1 = molecular weight of CO2, g/mol
M2 = molecular weight of N2, g/mol
Ms = experimental sample weight, g
Patm = experimental column pressure, atm
Dm = molecular diffusivity, cm2/s
De = effective diffusivity, cm2/s
SBET = BET surface area area cm2/g
Pe = Peclet number, dimensionless
U = kinematic velocity, cm/s
Q = volumetric flow rate, cm3/min
Acs = column cross-sectional area, cm2
MTZ = mass transfer zone, cm
cf = CO2 feed concentration, mol%
q5 = quantity adsorbed at 5% CO2 saturation, mmol/g
q95 = quantity adsorbed at 95% CO2 saturation, mmol/g
q = average adsorbed phase concentration per monolith wall volume, mol/kg

qeq = equilibrium adsorption, mol/kg
qsat = equilibrium adsorption saturation concentration, mol/kg
a = specific surface area per unit bed volume, cm2/cm3
t5 = time for 5% CO2 saturation, min
t95 = time for 95% CO2 saturation, min
t = temporal coordinate from breakthrough modelling, s
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Ro = monolith outer radius, cm
R2 = monolith outer cell radius, cm
R1 = monolith inner cell radius, cm
k = overall mass transfer coefficient, s-1
kp = particle mass transfer coefficient, s-1
kf = film mass transfer coefficient, s-1
kLDF = LDF constant, s-1
Re = Reynold’s number, dimensionless
Sc = Schmidt number, dimensionless
De = effective diffusivity, cm2/s
DL = axial dispersion, cm2/s
Cb = bed bulk concentration, mol/m3
Cf = inlet concentration of gas species, mol/m3
Cm = the monolith wall pore gas CO2 average concentration, mol/m3

z = bed axial spatial coordinate, m
ppm = CO2 partial pressure in monolith pores, N2/m
b = adsorption parameter from isotherm fitting, dimensionless
n = adsorption parameter from isotherm fitting, dimensionless
R = universal gas constant, J/mol K
Ptb = total local pressure in the bed bulk, N/m2
g = gravitational acceleration constant, m/s2

GREEK LETTERS

ɛm = monolith void fraction
ɛp = dimensionless monolith porosity
ɛb = bed porosity
ρs = monolith skeletal density, cm3/g
ρi = skeletal density of individual component, cm3/g
ρm = monolith density, kg/m3
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ρb = density of 10% CO2/N2 at 5 bar and 298 K, kg/m3
σ12 = kinematic diameter of CO2/N2, Å
Ω = collision integral solution, dimensionless
μ = kinematic viscosity, poise
α = geometry factor, cm-1
τp = particle tortuosity, dimensionless
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ABSTRACT

3D printing offers an attractive means of forming structured metal-organic
frameworks (MOFs), as this technique imparts digital geometric tuning to fit any process
column. However, 3D-printed MOF structures are usually formed by suspending presynthesized particles into an ink for further processing. This leads to poor rheological
properties as MOFs do not bind with inert binders. Herein, we address this problem by
coordinating the MOF secondarily by 3D printing its gelated precursors. Specifically, we
produced a printable sol-gel containing ~70 wt.% of HKUST-1 precursors and optimized
the in-situ growth conditions by varying the desolvation temperature and activation
solvent. Analysis of the so-called gel-print form (GPG) monoliths’ properties as a function
of the coordination variables revealed that desolvating at 120 °C produced fully formed
MOF particles with comparable diffractive indices to the parent powder regardless of the
activation solvent used. Assessment of the samples’ textural properties revealed that
washing in acetone or methanol produced the highest surface areas, pore volumes, and CO2
adsorption capacities, however, washing with methanol produced binder swelling and
collapse of the printed structure, thereby indicating that washing with acetone was more
effective overall. This study represents a promising way of 3D printing MOFs and a
breakthrough in additive manufacturing, since the simple, high-throughput, framework
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detailed herein – whereby the synthesis temperature and washing solvent are varied to
optimize MOF coordination – could easily be applied to other crystallites. As such, it is
anticipated that this new and exciting method will provide new paths to shape engineer
MOFs for applications in energy-intensive fields and beyond.
Keywords: 3D printing, Sol-gel synthesis, MOF coordination, Gelation, CO2 adsorption

1. INTRODUCTION

Because of their high surface areas and pore volumes, tunable physiochemical
properties, and potential for functional guest inclusion, metal-organic frameworks (MOFs)
have attracted significant attention for a myriad of applications – including adsorption,
catalysis, and drug delivery – over the past decade.1,2 This being stated, because MOFs are
synthesized in the powdered state, they must be formulated into solid structures before use
in industrial processes. Otherwise, the high flow rates will cause particulate scattering,
material loss, and equipment contamination. As it currently stands, there are three primary
ways of accomplishing this task. Most commonly, MOF powders can be synthesized and
hydraulically pressed to form pellets or granules (i.e., pelletization).3,4 This technique is
both simple and rapid, however, the high pressures necessary to stabilize the MOF powders
block many of their accessible pores and limit mass transfer.4,5 As demonstrated in our
earlier works,6,7 another approach is to grow MOF on a functionalized inert support – such
as cordierite or carbon hollow fibers – however, these techniques are too time-intensive for
industrial scale-up – requiring over one week to generate a small sample – generate high
amounts of waste, and only load ~60 wt. % of MOF.
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An emerging technology in recent years, the third route of formulating structured
MOFs has been to utilize 3D printing technology. Most often, this has been accomplished
by pre-synthesizing the MOF powder, followed by binding to an inert clay (bentonite or
kaolin), paste densification, and pressurized direct ink writing (DIW) to manufacture the
final scaffold. This technique gives unprecedented control of the as-manufactured scaffold
geometry so that it can be used to precisely fit any process column and has been used to
successfully formulate 3D-printed MOF monoliths containing a variety of supports,
including MOF-74, UTSA-16, MIL-101, and more.8–11 This being stated, an underlying
flaw has persisted in MOF-monoliths produced by DIW. Namely, because of the many
functional groups and large particle sizes present on MOF particles, the densified inks often
exhibit hydrophobic behavior and have difficulty binding to the inert clay. Therefore, each
MOF ink must be optimized on a case-by-case basis to produce a printable rheology. In
our recent work,9 we attempted to address this flaw by printing MOF particles suspended
inside of a liquid polymer resin, followed by phase separation to produce solid monoliths.
Even when this low-viscosity dope was used, however, the large particles produced shearthickening behavior upon printing and necessitated slow printing speeds. Moreover, the
required solvents for polymer dissolution decomposed some of the MOF centers and
required lengthy solvothermal growth to regenerate the particles. Clearly, a novel approach
must be designed to address these flaws if 3D-printed MOF monoliths are to ever be
manufactured at-scale.
One possible way of overcoming the rheological shortcomings of 3D-printed MOFs
would be to circumvent the particle suspension step altogether. More specifically, given
that the poor rheological properties of MOF inks are caused by the suspended particles,
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improving their printability may necessitate MOF coordination after 3D printing. For
example, Halevi et al.

12

3D-printed a Ni-MOF copolymer complex and then utilized

photopolymerization to produce the final MOF by coordinating the block polymers,
organic ligands, and metal centers. Be that as it may, it is worth noting here that this
technique is not sufficiently versatile, as it necessitated that the selected MOF can
coordinate via photopolymerization, which only applies to a handful of frameworks. To
diversify this approach, however, we theorized that 3D-printed MOF monoliths could be
directly formulated via self-standing sol-gels, which are comprised of high precursor
concentrations. After printing of the synthesis sol-gel, the MOF could then be easily
synthesized in-situ by applying heat, solvent removal, and solvent activation, thereby
simplifying the optimization parameters for universal MOF 3D printing. Proving a similar
concept, Chaudhari and coworkers

13

synthesized thin HKUST-1 films via room

temperature gelation and coordination of copper nitrate, deprotonated trimesic acid, and
triethyleneamine. Notably, sol-gel synthesis is a more attractive approach than
photopolymerization, as sol-gel coordination is a known means of formulating several
different framework families, which imparts the desired breadth of versatility, and
produces a soft, self-standing rheology.13–15 As another proof-of-concept, Zhang et al.16
assembled hierarchal covalent organic framework (COF) superstructures via co-assembly
of several block polymers. Having said this, printing and coordination of MOFs via thermal
sol-gel assembly, dubbed here as the gel-print-grow (GPG) method, has not yet been
reported to the best of our knowledge and is worth investigating to develop alternative
pathways for overcoming rheological limitations. For this technique to be considered
successful, the as-synthesized scaffold should achieve a similar loading to those produced
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by DIW. Moreover, the as-synthesized sol-gel should i) be of self-standing rheology, ii)
exhibit low spreading behavior, and iii) undergo synthesis optimization to ensure complete
coordination of the crystallite phase. Therefore, the gelation agents and secondary growth
conditions are of high importance to this technique’s success.
From literature, a promising way of manufacturing MOFs via 3D-printed sol-gels
might be to utilize poly(vinyl) alcohol (PVA) as a gelation agent. Notably, PVA has a few
key properties which make it attractive for this application. First and foremost, PVA has
long been established as a suitable gelling agent, as it produces self-standing gels with
little-to-no flow behavior.17,18 Moreover, PVA’s miscibility in water means that it can be
dissolved using a common synthesis solvent, whereas other polymers may necessitate
NMP which could adversely impact MOF coordination or compromise its textural
properties.9 Along these lines, it is important to consider the activation solvent to ensure
that the final MOF pores are free of guest-filling species. Generally speaking, MOFs are
activated with various alcohols, diethyl ether, acetone, or dichloromethane to wash any
guest species from their pores.19–27 Such solvents are typically selected because they do
not react with the as-synthesized MOFs, are highly volatile so they can be easily extracted
after the solvent exchange, and are effective at dissolving a variety of species to ensure that
unwanted guest – i.e., unreacted precursors or retained solvents – can be extracted. As such,
when formulating 3D-printed MOFs by GPG it is of high importance to vary the washing
solvent to maximize removal of guest species.
To synthesize MOF scaffolds by GPG, HKUST-1 (Cu) was selected as a proof-ofconcept MOF. This particular MOF was selected because of its chemical robustness and
capability to synthesize under a myriad of conditions.20–24 The activation solvent
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(methanol, ethanol, isopropanol, dichloromethane, and acetone) and synthesis temperature
(25-120 °C) were systematically varied to increase the overall precursor conversion into
MOF, produce full crystallinity, and maximize pore availability. The printing method was
photographed at different stages, while the as-synthesized scaffolds were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), N2 physisorption, and CO2
adsorption isotherms under various growth conditions. For comparison, we also
manufactured an HKUST-1 monolith by DIW to examine any differences in adsorption
kinetics and storage capacity between the two methods. Overall, this study demonstrates
an important alternative to manufacturing structured MOFs by 3D printing and represents
an important breakthrough in material science.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
The following materials were purchased from Sigma-Aldrich for the production of
HKUST-1 monoliths by GPG and were used in their acquired purities without
modification: Trimesic acid (C9H6O6, 99%), Cu(NO3)2·2.5H2O (99%). The following ACS
grade chemicals were also used: methanol (MeOH), ethanol (EtOH), isopropanol (IPA),
N,N-dimethylformamide (DMF), dichloromethane (DCM), and acetone. All UHP gases
were purchased from Airgas.

2.2. PASTE FORMULATION
The various paste formulations used to manufacture HKUST-1 monoliths by GPG
are displayed in Table 1 alongside their observed flow and shear behaviors. A schematic
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of the overall printing process is shown in Figure 1. Of the various pastes made, only paste
3 produced a self-standing rheology and non-flowing behavior and, thus, was selected to
synthesize the monoliths examined in this study. To formulate the printable sol-gel, the
MOF precursors were dissolved in 5 mL of 1:1:1 DMF/EtOH/DI under sonication at 50
°C. The selected solvent mixture and metal salt/ligand ratios were used because they are
also used in a typical HKUST-1 synthesis and we did not want to introduce new variables
for MOF coordination by substituting alternative solvents or by varying the MOF
stoichiometry.20–24 After sonicating for 15 min, PVA and bentonite clay were added to the
solution and the resulting gel was mixed vigorously with a spatula for 30 sec until
homogeneity was observed. Here, it should be noted that the addition of bentonite clay was
found to be necessary to produce a self-standing rheology, as its omission produced a gel
which flowed on the printing substrate. It is also worth noting here that the GPG monoliths
were printed using our established setup, however, unlike our previous works, the assynthesized gels were printed onto aluminum foil to allow for easy recovery of the final
product. This step was found to be extremely important, as printing the gel onto glass,
nonstick Teflon, or stainless steel adhered the sample to the substrate and caused cracking
upon removal.
Table 1. Gel compositions for various HKUST-1 GPG inks.
Ink

MOF
(wt.%)

Copper
Nitrate
(wt.%)

1
2
3
4

0.0
0.0
0.0
83.5

49.6
54.0
47.0
0.0

Trimesic PVA Bentonite MethylAcid
(wt.%)
Clay
cellulose
(wt.%)
(wt.%)
(wt.%)
24.8
27.0
24.0
0.0

10.9
7.5
6.0
1.5

14.6
0.0
21.0
15.0

0.0
11.6
2.0
0.0

Shear
Behav
-ior

Flow
Behavior

Thin
Thin
Thin
Thin

Flowing
Flowing
Standing
Standing
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Figure 1. Schematic representation of HKUST-1 monolith formulation by novel GPG
technique.

The as-printed sol-gel, which can be seen in the third and fourth steps of Figure 1,
showed no signs of spreading, self-standing behavior, and printable rheology. For these
reasons, the GPG method could be worth considering as a facile alternative to DIW. For
reference, we also produced a monolith by directly printing the as-synthesized powder
using the techniques we developed previously (Ink 4).8,9,28,29 First, the powder was
synthesized solvothermally and activated using well-developed procedures.20–24
Afterwards, it was mixed using the ratio in Table 1 with ~10 mL of 9:1 EtOH/DI. The ink
was rolled for 24 h prior to densification and printing.

2.3. GPG MOF GROWTH AND ACTIVATION
After 3D printing the sol-gel, the monoliths were heated at various temperatures
(25, 35, 45, 55, 85, and 120 °C) for 20 h in a convection oven to remove the solvents and
to investigate the effect of temperature on MOF coordination. We also expanded the
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heating time to 48 h, however, those samples exhibited a ~50% reduction in CO2 adsorption
capacity and, therefore, only the 20 h samples are considered in this study. Following initial
heating, the samples were divided with a razor blade and activated in 25 mL of DCM,
acetone, MeOH, EtOH, or IPA to examine the effect of washing solvent on final adsorption
capacity. These solvents were selected for washing because of their frequent use in MOF
activation. Especially for acetone, the solvent’s volatility has proven beneficial for other
MOFs,30,31 as it is extremely easy to extract from the sample pores after the activation step,
indicating that it can lead to more complete activation compared with less volatile species.
This being stated, DCM is considered the standard reagent for activating HKUST-1, since
it is highly efficient at extracting guest molecules, especially DMF, which have been
retained in the crystallite pore.26,27,32 For these reasons, multiple solvents were considered
for activation in this study, as the washing step plays an important role in extracting porefilling guests, including unreacted ligands/salts as well as retained synthetic solvents
(DMF, DI, EtOH). In the washing step, the samples were submerged in their respective
solvents for 72 h at 25 °C under light shaking (10 rpm) and the solvent was replaced every
24 h. Finally, all samples were dried under vacuum at 170 °C for 12 h to fully activate the
metal sites. This condition was selected because it is standard for HKUST-1.23,24 From
these experiments, it was found that the samples which were synthesized at 120 °C
displayed the highest CO2 adsorption capacities. As such, most of the characterizations are
focused on these particular samples.

2.4. CHARACTERIZATION OF PHYSICAL AND CHEMICAL PROPERTIES
The GPG monoliths’ surface topographies as a function of synthesis temperature
were evaluated by scanning electron microscopy on a Zeiss Merlin Gemini field emission
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microscope (FE-SEM). To accomplish this, the acetone-washed samples which were
synthesized at 25, 85, and 120 °C were imaged to show the morphological evolution with
synthesis temperature. For reference, we also imaged the 120 °C/DCM-activated sample.
The acetone-washed samples, which were synthesized at 25, 85, and 120 °C were analyzed
by X-ray diffraction on a PANalatical X’ pert multipurpose X-ray diffractometer with a
scan size of 0.02o/step at a rate of 147.4 s/step from 2θ = 5-50° to examine the effect of
desolvation temperature on GPG monolith crystallinity. The HKUST-1 powder, 120 °C
MeOH/EtOH/IPA/DCM monoliths, and DIW HKUST-1 monolith crystallinities were also
assessed by XRD for comparison. The 120 °C samples, pristine HKUST-1 powder and
DIW monolith textural properties were analyzed by N2 physisorption at 77 K on a
micromeritics (3Flex) gas analyzer. Their surface areas were calculated using BrunauerEmmmet-Teller (BET) while the non-local density functional theory (NLDFT) method was
used to calculate the pore volumes and distributions. Prior to measurement, the samples
were degassed at 170 °C for 6 h on a micromeritics SmartVac Prep to remove any preadsorbed species. Fourier Transform Infrared Spectroscopy (FTIR) was performed using a
Nicolet iS50 FT-IR on the GPG monoliths synthesized at 120 °C after washing in various
solvents to study the changes in functional groups prompted by different activation
reagents. As a supplement, FTIR was also performed on the 120 °C/acetone-washed
samples after 0-3 days of washing to assess any differences in vibrational modes present
after various washing durations. Also at these time intervals, the solvent from acetone was
collected for analysis via GC-MS to determine the dissolved species. Therein, the
experiments were performed on an Agilent 19091S-433 with a flow rate of 1.5 mL/min,
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UHP He purge, and polar capillary column. Prior to analysis, 100 µm of the as-collected
solvents were passed through a 0.55 µm filter to remove any solid particles.

2.5. CHARACTERIZATION OF ADSORPTION BEHAVIOR
As a preliminary experiment to determine the optimal growth conditions, the
samples which were synthesized at various temperatures and activated in various solvents
as well as the HKUST-1 powder and DIW monolith underwent CO2 adsorption on a TA
instruments Q500 thermalgravimetric analyzer (TGA). Therein, the samples were degassed
at 170 °C under 40 mL/min of N2 for 1 h. Then, they were cooled to 25 °C and exposed to
60 mL/min of 10% CO2/N2 for 30 min. To compare the techniques’ mass transfer
properties, the fractional CO2 uptakes for the DIW monolith, pristine HKUST-1 powder,
and 120 °C/acetone GPG monolith were collected from the TGA runs using a previously
detailed approach7 and were modeled by varying the diffusivity values to maximize the R2
as detailed elsewhere.9,33 Also from the TGA experiments, it was determined that
synthesizing the GPG monoliths at 120 °C produced the highest CO2 capacities. As such,
the 120 °C GPG samples, HKUST-1 powder, and DIW monoliths’ CO2 adsorption
isotherms were collected on 3Flex at 25 °C from 0-1 bar. Prior to analysis, the same
degassing conditions from N2 physisorption were used.

3. RESULTS AND DISCUSSION

The fully activated 120 °C/acetone-washed HKUST-1 monolith manufactured by
GPG is shown in Figure 2a, while a cross section of its outer wall is shown in Figure 2b,
and the directly printed HKUST-1 monolith is shown in Figure 2c. As evident, the GPG
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monolith was of a lower cell density compared to the directly printed sample. This was due
to the slight swelling of the printed sol-gel during solvent removal, which necessitated an
increase in channel distancing. The swelling was further supported by the large voids in
the monolith cross-section, which were visible to the naked eye, as shown in Figure 2b.
Even with the lower cell density and visible swelling, the as-printed GPG monolith was
still considered a successful proof-of-concept for this new technique, as it yielded a selfstanding geometry and did not disintegrate upon desolvation. For these reasons, the GPG
monolith was considered for comparison to the directly printed analogue. In subsequent
works, we will further tune the desolvation step and paste composition to enhance
geometric control.

Figure 2. (a) Activated HKUST-1 monolith produced by GPG at 120 °C with acetone
washing, (b) cross-sectional cut of its inside wall, and (c) directly printed HKUST-1
monolith.

Here, it should also be noted that between the five solvents used, only the DCM-,
IPA-, and acetone-washed monoliths retained their mechanical integrity after activation,
whereas the MeOH- and EtOH-washed samples’ structures decomposed completely into
powders. This result was not especially surprising, considering that our previous work
indicated that washing a 3D-printed monolith with these solvents leads to swelling of the
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bentonite clay and collapse of the manufactured scaffold.29 Nevertheless, for the sake of
being thorough, the powders from the MeOH- and EtOH-washed samples still underwent
characterization so that we could assess the effects of activation solvent on GPG monolith
properties. Having said this, acetone, IPA, and DCM can be considered better activation
solvents for GPG monolith activation compared to MeOH or EtOH from a mechanical
standpoint because they did not lead to structural collapse.
The crystal morphology as a function of synthesis temperature and activation
solvent for the various GPG monoliths is shown in Figure 3. From the SEM images, at the
25 °C/acetone particles displayed trigonal morphologies and were ~1 µm in diameter
(Figure 3a). Notably, these particles were smaller than was expected from literature 9,20–24
and did not exhibit a morphology which was comparable to HKUST-1. As further
evidenced by the XRD spectra in Figure 3e, this indicated that the MOF did not properly
coordinate at 25 °C. This being the case, it is worth noting here that the (111) peak at 2θ =
5°, (200) peak at 2θ = 9°, (222) peak at 2θ = 12.5°, (400) peak at 2θ = 14°, and (400) peak
at 2θ = 18° were all developed to a small degree in the 25 °C sample, implying that, even
at ambient conditions MOF coordination had initiated to some degree. Upon increasing the
temperature to 85 °C, a biphasic size distribution was observed, as MOF particles were
observed with diameters of both ~2 µm and ~0.1 µm (Figure 3b). Notably, the larger
particles were consistent in size to HKUST-1, indicating that the MOF had coordinated
more effectively compared to 25 °C, however the smaller particulate also indicated that
some of the crystals were not fully formed. The XRD in Figure 3e further supported this
notion, as the major MOF diffractive indices were much more pronounced at 85 °C,
however, their broadened profiles suggested that the MOF had not fully coordinated.
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Figure 3. SEM micrographs for acetone washed HKUST-1 samples synthesized at (a) 25
°C, (b) 85 °C, (c) 120 °C, (d) the 120 °C DCM-washed sample, (e) XRD spectra for
acetone-washed samples at different temperatures, directly printed HKUST-1, and
HKUST-1 powder, and (f) comparison of 120 °C GPG sample spectra across different
solvents.

At 120 °C, however, it was apparent that the MOF had coordinated successfully, as
uniform particles with well-defined faces were observed under SEM (Figure 3c) and the
diffractive pattern in Figure 3e was nearly identical to the parent powder. By contrast, the
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DCM-washed sample (Figure 3d) did not exhibit a topology which was comparable to
HKUST-1. In agreement with this observation, the corresponding XRD pattern for the
DCM-washed sample displayed slightly more amorphous structure compared to the
acetone-washed sample (Figure 3f). Nevertheless, the major HKUST-1 indices were still
present in high intensity, indicating that the overall differences between the two were not
very significant. This trend was consistent across the alcohol-washed samples, as well,
where the XRD showed minimal differences between the GPG monoliths’ diffractive
indices across the different activation solvents. As such, it was concluded that the success
of GPG for MOF coordination was heavily dependent on the temperature used, while the
selected activation solvents did not prompt any considerable changes in the overall crystal
structure.
The FTIR profiles for the 120 °C-synthesized monoliths are shown in Figure 4. As
evident, the MOF functional groups were nearly identical across the various solvents
(Figure 4a). Namely, all samples displayed bands at 3375, 1710, 1640, 1410, 1370, 1280,
1010, and 730 cm-1, which were consistent with -OH, carboxylic C=O, conjugated C=C,
carboxylic -OH, methyl C-H, alkyl ether C-O, secondary alcohol C-O, and disubstituted
C=C stretching, respectively.34–36 These bands were to be expected from literature, as the
stretches at 3375,1710, 1410, 1370, and 1010 cm-1 arise from the ligand’s carboxylic acid
species, whereas the bands at 1640 and 1280 cm-1 have been attributed to the MOF ligand’s
benzene rings, and the band at 730 cm-1 has been attributed to Cu-O bonding in the
crystallite structure.34–36 Having said this, there were differences in the samples’ vibrational
modes at 2100 cm-1, where a strong peak was present in the DCM-, EtOH-, and IPAwashed samples, but was absent from the samples which were activated with acetone or
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MeOH. This band can be attributed to a vibrational mode for C=C=N or N=C=N bonding
between DMF and the MOF ligand, where its retention in the EtOH-, DCM-, and IPAwashed samples indicated a less efficient guest extraction from the pores. On the other
hand, because this band was absent for the MeOH- and acetone-washed samples, it could
reasonably be concluded that the guest miscibility in these solvents was higher.
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Figure 4. FTIR spectra for 120 °C-synthesized GPG samples washed with different
solvents.

Looking specifically at the effects of washing time – where acetone-washed GPG
samples were collected at 1-3 days (Figure S1a, Supporting Information) – it was
determined that the relative peak intensity for the 2100 cm-1 band decreased significantly
after washing the sample for only 24 h, with nearly complete removal occurring after the
48 h mark. These effects were further supported by the GC-MS profiles of the collected
liquid wastes (Figure S1b, Supporting Information), where DMF was clearly detected in
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the runoff, indicating that it was efficiently extracted. Similar effects could also be
reasonably expected for the MeOH-washed sample, since its final FTIR spectra indicated
a similar degree of guest extraction compared to acetone. As such, it was concluded from
the FTIR results that the activation solvent does not lead to significant changes in the GPG
monoliths’ functional groups, however, it does affect the degree to which leftover synthetic
guest molecules are removed from the structure. In this regard, both MeOH and acetone
can be considered effective solvents for this extraction, however, because MeOH caused
the GPG monolith structure to decompose, acetone was regarded as a better reagent for
activation.
The 10% CO2 adsorption capacities from TGA as a function of synthesis
temperature and activation solvent are shown in Figure 5. First, it should be noted that the
best GPG sample (120 °C, acetone) achieved 82% of the powder’s CO2 capacity, while the
DIW monolith achieved 88% (Figure 5b). In this regard, the two methods (i.e., GPG and
DIW) can be considered comparable means of 3D-printed MOF printing, since they gave
rise to similar storage capacities. As can be seen, the acetone-washed samples consistently
exhibited double the CO2 uptake as those washed with the other solvents, where 120 °C
produced the highest adsorption capacity across all samples (Figure 5a). The increase in
adsorption capacity with synthesis temperatures was not surprising, as the XRD and SEM
both clearly indicated an enhancement in MOF crystallinity at elevated synthesis
temperatures compared to more mild coordinating conditions. The data in Figure 5a also
suggested that further increasing the temperature might continue to enhance the adsorption
capacity, however, given that the maximal possible loading was ~71%, and given that the
XRD spectra (Figure 3) showed complete MOF coordination at 120 °C, any increases in
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adsorption capacity were expected to be marginal beyond this threshold. On the one hand,
the enhancement in adsorption capacity for the acetone-washed sample from the other GPG
monoliths could not be easily explained by the previous characterizations.
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Figure 5. 10% CO2 adsorption capacities from TGA as (a) a function of GPG synthesis
temperature and activation solvent as well as (b) comparison of adsorption capacities for
all 120 °C-synthesized samples, HKUST-1 powder, and DIW monolith at 25 °C.

From literature, however, a handful of studies have reported that washing a MOF
with acetone has unique benefits compared to other solvents. Namely, because acetone
displays characteristics of both polar and nonpolar solvents simultaneously, on account of
its highly polar oxygen end and highly nonpolar C-C-C end,37–39 it is especially efficient at
guest extraction and can yield enhanced pore availability. For example, Li et al.40 assessed
HKUST-1/graphite oxide composites for methylene blue adsorption and varied the
reactivation solvent to determine the best recycle conditions. Between the various solvents
(i.e., MeOH, EtOH, acetone, and glycol), the acetone-washed sample consistently
displayed higher desorption efficiency and better regeneration compared to activation with
other agents. Other studies have also suggested that activating various MOFs with acetone
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gives rise to better guest extraction and enhanced pore availability.41,42 Besides, this notion
was also supported by the GPG monoliths’ FTIR spectra, where acetone or MeOH washing
lead to more efficient DMF extraction compared to washing with EtOH, DCM, or IPA. As
to why the MeOH-washed sample displayed a lower adsorption capacity compared to the
acetone-washed sample, this can be explained in terms of the solvents’ relative volatilities.
Namely, acetone’s boiling point (BP) is 56 °C, while MeOH’s BP is 64.7 °C and, therefore,
thermal extraction of the former species should occur more readily compared to the latter.
In this regard, it could be reasonably anticipated that the acetone-washed sample’s pores
were more completely activated compared to the MeOH-washed sample’s, leading to the
conclusion that acetone is the preferable solvent for GPG monolith activation.
The N2 physisorption, pore distributions, and CO2 adsorption isotherms at 25 °C
from 0-1 bar are shown in Figure 6, while the corresponding textural properties are
summarized in Table 2. The pore distributions have been vertically shifted for clarity. From
Figure 6a, the HKUST-1 powder and DIW monolith exhibited Type I physisorption
isotherms, which is consistent with microporous materials.43 Meanwhile, all GPG
monoliths displayed a hybridized Type I-II isotherm (Figure 6b), coinciding with materials
that contain a hierarchal (i.e., micro-, meso, macro-) pore structure. Looking at the N2
physisorption capacities, the DIW monolith achieved 75% of the powder’s N2 adsorption,
while the acetone-washed GPG monolith achieved 83%. Notably, washing the GPG
monoliths with EtOH, MeOH, or DCM produced similar N2 physisorption capacities to the
acetone-washed monolith, however, their surface areas were all decreased. Evidently, the
reduction in surface area was somewhat related to solvent volatility, as the acetone (BP =
56 °C) washed sample’s surface area was greater than the MeOH (BP = 64.7 °C) washed
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sample, which was greater than the EtOH (BP = 78.4 °C) washed sample, which was
greater than the IPA (BP = 82.5 °C) washed sample. However, solvent volatility could not
be considered the sole factor in determining the degree of MOF activation because, if it
were, then the DCM (BP = 39.6 °C) washed sample should have the highest surface area.
Given that this was not the case, it could be reasonably concluded that the solvents’
polar/nonpolar properties also had some effect on monolith activation.
From the pore size distributions (Figure 6c), similar pore volumes were observed
between the acetone- and MeOH-washed samples, suggesting the two solvents were
equally efficient in guest extraction. The similarity between the MeOH- and acetonewashed samples was unexpected from Figure 5, as the former displayed a considerably
lower CO2 capacity compared to the latter. However, given that TGA activation occurred
for 1 h under N2, whereas on N2 physisorption it occurred for 6 h under high vacuum, it is
likely that the samples were more thoroughly activated here. As such, Figure 6 can be
considered an overall better representation of the various solvents’ effects on GPG
monolith textural properties and is especially useful for drawing comparisons to DIW.
Namely, between the two approaches DIW produced a monolith which was almost entirely
microporous, except for the small peak at 10 nm that arises from bentonite clay.

44

In

contrast, GPG generated hierarchal mesopores at 2.9, 5.0, 6.0, and 9.1 nm regardless of the
solvent used, where the hierarchal pore structure likely formed during rapid solvent
removal. Granted, the GPG samples’ pore volumes were predominately allocated to ~2.0
nm, signaling that the crystallite was predominately microporous and the MOF textural
properties were similar to the parent powder.
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Nevertheless, because the GPG monoliths’ pores were divided between the microand mesoporous regimes, their CO2 adsorption capacities were expected to be lesser than
the monolith produced by DIW. Indeed, this was true for most of the GPG monoliths, as
the isothermal CO2 capacities at 25 °C and 1 bar were 1.6 and 2.1 mmol/g for the parent
powder and DIW monolith, respectively, whereas the acetone-, DCM-, EtOH-, and IPAactivated GPG samples displayed CO2 capacities of 1.4, 1.3, 0.8, and 0.4 mmol/g,
respectively (Figure 6d).
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Table 2. Textural properties for HKUST-1 powder, directly printed sample, and GPG
monoliths.
Material

SBETa
(m2/g)

Vp-microb
(cm3/gSTP)

Vp-mesoc
(cm3/gSTP)

dp
(nm)

HKUST-1 Powder
HKUST-1 DIW
GPG (Acetone, 120 °C)
GPG (DCM, 120 °C)
GPG (MeOH, 120 °C)
GPG (EtOH, 120 °C)
GPG (IPA, 120 °C)

830
470
500
420
470
400
200

0.43
0.21
0.19
0.19
0.21
0.15
0.07

-0.09
0.16
0.09
0.11
0.14
0.17

2.0
2.0, 8.0
2.0, 5.0, 6.0, 9.1
2.0, 5.0, 9.1
2.0, 5.0, 6.0, 9.1
2.0, 5.0, 6.0, 9.1
2.0, 5.0, 6.0, 9.1

a

SBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor
pressure ranging from 0.1 to 0.3.
b

c

Vp-micro was obtained using the NLDFT method from 0-2 nm.

Vp-meso was obtained using the NLDFT method from 0-2 nm.

Be that as it may, the MeOH-washed sample’s isothermal CO2 capacity at 1 bar
(1.9 mmol/g) was much higher than expected from Figure 5, as here it was nearly identical
to the monolith produced by DIW. Again, however, it should be reemphasized that TGA
degassing occurred at milder conditions compared to isothermal CO2 adsorption, so this
dataset can be considered more representative of the solvent effects on MOF textural
properties. Having said this, adsorption capacity is not the only metric which determines
an activation solvent’s efficacy, since the mechanical integrity must also be considered. As
such, acetone was concluded as the overall better activation solvent since, unlike MeOH,
it did not compromise the monolith’s structural integrity whilst also producing high textural
properties and sorption capacity. The normalized CO2 adsorption uptakes for the pristine
powder, directly printed HKUST-1 monolith, and 120 °C-acetone GPG monolith are
shown in Figure 7a, while their fitted fractional uptakes are shown in Figure 7b-7d and the
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calculated diffusivity values are displayed in Table 3. From the fittings, all samples
achieved R2 values greater than 0.95, indicating that the selected model accurately
represented the datasets.
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Figure 7. (a) Fractional uptakes of 10% CO2/90% N2 on HKUST-1 samples as well as
experimental and simulated fractional uptakes for (b) HKUST-1 powder, (c) directly
printed HKUST-1, and (d) GPG HKUST-1 (120 °C, Acetone) at 25 °C.

As discussed in our recent work,9 the minor differences between the simulated and
experimental profiles can be attributed to the simultaneous adsorption of N2 and CO2 on
HKUST-1, as this model assumes single species adsorption. Comparing the different
samples, the monoliths both exhibited steeper fractional uptakes compared to the pristine
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powder, as well as enhanced diffusivity values. This was to be expected from literature, as
structuring the adsorbent leads to enhanced film mass transfer, thereby promoting faster
adsorption if the mass transfer is not limited by molecular diffusion.45–47 As apparent, the
GPG monolith exhibited a steeper uptake than that of the directly printed sample. This was
attributed to the former’s hierarchal porosity, which was formed during desolvation, and
gave rise to reduced barriers to molecular diffusion, thereby enhancing the diffusivity from
5.25×10-8 cm2/s in the directly printed sample to 8.75×10-8 cm2/s in the GPG sample.45 It
is also worth noting here that, compared to other literary benchmarks, such as zeolite 13X
extrudates (diffusivity = 8.0×10-8 cm2/s

48

)

or thin-filmed MOF/polymer monoliths

(diffusivity = 7.91×10-8 cm2/s 9), the GPG monolith exhibited increased diffusivity. This
could again be attributed to the desolvation-induced porosity. Therefore, the GPG
technique was concluded to be an effective means of formulating structured MOFs, as it
gave rise to high adsorbent loadings, comparable storage potential to DIW, and enhanced
adsorption kinetics.

Table 3. Calculated diffusivity values for HKUST-1 samples.
Sample
HKUST-1 GPG (120 °C, Acetone)
HKUST-1 DIW
HKUST-1 Powder

Diffusivity × 108
(cm2/s)
8.75
5.25
2.34

4. CONCLUSIONS

In this study, we presented an alternative means of formulating MOF structures by
3D-printing gelated precursors, followed by in-situ growth, for the first time. Although this
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study only produced a single MOF by this new technique, we have outlined a systematic,
high-throughput approach of expanding this technique to other MOFs. Specifically, we
have shown that the GPG technique should be first optimized for an ideal rheology,
followed by optimization of the printing temperature and activation solvent. For the GPG
HKUST-1 monoliths in this study, these conditions were found to be a 120 °C synthesis
temperature – since this produced the best crystallinity – as well as acetone washing, since
this solvent activated the MOF pores without decomposing the monolith’s mechanical
integrity. On the other hand, desolvating at reduced temperatures led to the formation of
amorphous phases, whereas washing with either IPA, MeOH, EtOH, or DCM failed to
activate the MOF pores fully or led to decomposition of the monolith structure. Under the
optimal conditions, however, the GPG technique produced an HKUST-1 monolith with
comparable adsorption capacity and adsorbent loading to that of DIW, but with enhanced
mass transfer kinetics. More importantly, we predict that, by following the process outlined
here, GPG can easily be expanded to other MOFs, thereby producing a versatile and
worthwhile means of addressing the rheological shortcomings of MOF DIW. Moreover,
given that this technique is not yet optimized, we fully anticipate that the GPG loading can
be further increased beyond the upper limit of DIW through variation of the gelation agent
and solvent ratios. Overall, the technique demonstrated herein serves as an important proofof-concept for formulation of structured MOFs via coordination of 3D-printed sol-gels and
represents a breakthrough in additive manufacturing.
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Figure S1. (a) FTIR spectra for GPG monoliths from 0-3 days of acetone washing and (b)
GC-MS profiles from collected acetone washing solvent.
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ABSTRACT

3D printing zeolite monoliths is an attractive way to formulate structured
contactors, as it imparts lower manufacturing costs compared to hydraulic extrusion while
also allowing for unprecedented geometric control. However, 100% pure zeolite monoliths
have never been 3D-printed, as ink formulation has previously required clay binders which
cannot be easily removed. Therefore, in this study we developed the first-ever approach
capable of rapidly printing binderless zeolite structures for any family. To accomplish this,
we 3D-printed inks comprised of 13X, 5A, ZSM-5, and experimental South African
zeolites which used gelatin and pectin as binding agents along with dropwise addition of
various solvents. Unlike previous ink preparations which required several days, the inks
produced here could be printed in only five minutes. After printing, the dried monoliths
were calcined to remove the biopolymers and form 100% pure zeolite structures. The
monoliths were assessed by N2 physisorption, XRD, SEM, and CO2 adsorption at 0 °C as
well as by CO2, CH4, and N2 adsorption isotherms at 25 °C from 0-1 bar. From N2
physisorption and CO2 adsorption at 0 °C, all monoliths showed narrowing below 1 nm
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from their powders, which was attributed to pore malformation caused by intraparticle
bridging during calcination. The various adsorption isotherms indicated that this narrowing
led to varying degrees of enhanced adsorption capacities for all three gases, as the slightly
smaller pores increased electrostatic binding between the adsorbent walls and captured
species. We also compared the binderless 13X and 5A monoliths’ mass transfer properties
to their commercial bead analogues using fractional 10% CO2/N2 uptakes at 25°C. These
experiments revealed comparable diffusivities and adsorption capacities between the two
geometries, indicating that biopolymer/zeolite printing can produce contactors which are
competitive to commercial benchmarks. These monoliths also showed faster diffusivities
compared to zeolite monoliths produced by conventional direct ink writing – on account
of an enhancement in macroporosity – meaning that this new method enhances the kinetic
properties of 3D-printed scaffolds. As such, the sacrificial biopolymer technique was
concluded to be an effective and versatile approach for 3D printing binderless zeolite
structures.
Keywords: Additive manufacturing, 3D printing, Binderless zeolites, Adsorption

1. INTRODUCTION

Zeolites are an important material class, as their high number of active sites and
unique pore structures allow them to be used in many industrial processes including
adsorption, separation, and catalysis.[1–6] Nonetheless, zeolites exist naturally in the
powdered state and must be formed into practical contactors – pellets, granules, monoliths,
etc. – before implementation into packed columns to prevent material scattering, equipment
contamination, and material loss. Traditionally, zeolitic structuring has been performed via
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pellitization or extrusion processes, however, these techniques require adhesion to an inert
binder, which reduces the overall support loading and deactivates its pores.[7,8] One way
to address this problem has been through manufacturing of so-called binderless zeolites by
way of hydraulic extrusion, however, this technique still necessitates a small amount of
binding agent (i.e. bentonite, kaolinite, etc.), which limits the zeolite loading to less than
100 wt.%.[9,10] Also worth noting, manufacturing zeolite monoliths – either with or
without binder – by extrusion necessitates the production of molds to fit different process
columns, thereby driving up manufacturing, labor, and machining expenses whenever a
new geometry is needed. As such, there have been many efforts in recent years to move
away from hydraulic extrusion to allow for greater geometric versatility and reduced
manufacturing costs.
An important alternative to traditional manufacturing, 3D printing technology –
which digitally tunes the scaffold geometry prior to its formulation with AutoCAD or some
equivalent – has cemented itself as a facile way of producing ceramic contactors containing
various supports, including metals/metal oxides, metal-organic frameworks (MOFs), and
zeolites.[1,11–18] 3D printing was first used for zeolitic printing by Thakkar et. al in
2016,[1] when the authors formulated zeolite 13X and 5A monoliths with 90 wt.% loading
by binding the commercial powders to bentonite clay. Although this was an undeniable
advancement in material science, the monoliths formed in that study were not competitive
to their hydraulically extruded counterparts, since ink preparation absolutely necessitated
a binding agent to formulate a stable structure, thereby preventing development of 100%
pure zeolite monoliths by 3D printing. More recently, Wang et al.[19] surpassed the 90
wt.% threshold for the first time by solvothermally bridging commercial zeolite particles,
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colloidal silica, and halloysite nanotubes after printing to form 100% binderless NaX
zeolite monoliths. Nevertheless, although this technique did produce the first-ever truly
binderless zeolite structure through 3D printing, the solvothermal step was time-intensive
and required extensive optimization to coordinate the various components. Furthermore,
this route only produced a single binderless zeolite and, to the best of our knowledge, has
never been applied to other families. As such, a verasatile and rapid method of 3D printing
binderless zeolite structures remains an elusive and important area of additive
manufacturing research.
Notably, 3D printing binderless zeolite monoliths is an especially difficult prospect
because, as far as we are aware, formulating a rheologically favorable ink requires some
sort of binding agent. Otherwise, directly printing the crystalline particulate leads to
expulsion of the dispersion solvent or gives rise to spreading behavior which is incapable
of producing a self-standing scaffold. Therefore, simply eliminating binder use cannot be
considered a worthwhile or realistic pathway for 3D printing pure zeolite structures for any
family. Nevertheless, binderless printing might still be possible by eliminating the inert
species after the formulation step. Granted, accomplishing this with traditional ink
additives would likely necessitate some degree of chemical etching to extract the silicabased clays (bentonite, kaolin, etc.) and would inevitably degrade the zeolites as well, since
anything reactive enough to dissolve the inert binders would also decompose
aluminosilicates. As an alternative, binding agents which can be removed by gentler
techniques, such as calcination, should be considered when developing a binderless zeolite
printing method, since such a process would give rise to the desired rheological behavior
while also allowing for 100% purity in the final product. This being the case, it is inevitable
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that this approach’s success would heavily depend on the binder properties, meaning that
the selection criteria and binder choice are crucial.
When considering previously unexplored binding agents for the development of
binderless zeolite printing, there are a few criteria which must be met to ensure a
rheologically favorable ink and manufacture a mechanically stable scaffold with 100%
purity. Namely, the sacrificial binding agents should i) impart sufficient adhesion with the
zeolite particles during ink production to prevent solvent expulsion, ii) be completely
organic so that they can be extracted using calcination, iii) produce a shear-thinning ink
without solvent expulsion, and iv) exhibit self-standing behavior with geometric stability
after deposition. Turning our attention to the 3D-printed food industry, we theorized that a
combination of gelatin and pectin biopolymers would meet these criteria, as such additives
degrade well below the zeolitic sintering temperature of 500 °C, are known to impart
desirable rheological properties (i.e. self-standing, shear-thinning, hydrophilic, etc.), and
have been used to 3D-print nanocellulose, CaCl2, and plant tissue scaffolds.[20–25]
Granted, these biopolymers have not yet been used to 3D-print ceramics, however, based
on their effectiveness for multiple other supports, we speculated that they would be worth
exploring in zeolite ink production and subsequent development of binderless structures.
Motivated by this exciting possibility, we embarked on a study which developed a versatile
means of 3D-printing binderless zeolite structures using so-called “sacrificial
biopolymers” for the first time.
In this proof-of-concept study, we manufactured binderless monoliths using four
different zeolites – zeolite 13X, zeolite 5A, H-ZSM-5, and an experimental South African
zeolite synthesized from fly ash and provided by Petrik et al.[26,27] – by implementing
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pectin and gelatin as sacrificial binding agents. We also manufactured zeolite 13X
monoliths with small concentrations of bentonite clay (1 – 5 wt.%), to enhance their
mechanical strength, since the 100% pure zeolite monoliths were somewhat brittle. These
samples are noted as 13X1%, 13X2.5%, and 13X5%, respectively. Here, it should be noted
that we selected the monolithic geometry as to demonstrate this technique because of its
relevance in industrial processes and because of its use in previous works for 3D
printing.[1,16,19] All samples were characterized before and after calcination using, N2
physisorption and X-ray diffraction (XRD). Scanning electron microscopy (SEM) was
used to assess the calcined monoliths’ surface topographies and intraparticle binding. CO2
adsorption isotherms at 0 °C from 0-1 bar were also used to assess the zeolite powders’
and calcined monoliths’ pore distributions below 1 nm. Additionally, CO2, CH4, and N2
adsorption isotherms were collected at 25 °C from 0-1 bar for the calcinated monoliths and
parent powders, to demonstrate any differences between adsorption capacities, where the
CO2/CH4 and CO2/N2 selectivities were calculated by the previously-detailed ideal
adsorption solution theory (IAST) method.[28] Lastly, fractional adsorption uptakes were
performed on the calcinated zeolite 13X monoliths and commercial beads (Ingevity) as
well as the calcined 5A monolith and commercial beads (Sylobead) to investigate the
binderless monoliths’ mass transfer properties relative to benchmark adsorbents. Overall,
the work detailed here establishes a groundbreaking way to 3D-print binderless zeolites of
any family through gelation with sacrificial biopolymers and unlocks new pathways in
additive manufacturing.
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2. EXPERIMENTAL SECTION

2.1. MATERIALS
The following materials were purchased from Sigma Aldrich and were used without
modification for the production of binderless zeolite monoliths by 3D printing: gelatin from
porcine skin (gel strength = 300), pectin from citrus peel (74% dried basis), poly(vinyl)
alcohol (PVA), methylcellulose (99%), N-N-dimethylformamide (DMF, ACS), and
ethanol (EtOH, ACS). Zeolite 13X and Zeolite 5A were purchased from UOP while HZSM-5 (Al2O3/SiO2 = 50) was purchased from Zeolyst. The South African (SA) zeolite
was provided by Petrik et al. and was synthesized from fly ash with their established
method.[26,27] The binderless zeolite 13X beads used in the dynamic adsorption
experiments were provided by Ingevity, while the zeolite 5A beads were provided by
Sylobead. All UHP gases were purchased from Airgas.

2.2. MONOLITH FORMULATION
The component fractions and solvent ratios from Table 1 were used to form the
printing pastes, as shown in Figure 1. To form the paste, the powdered components were
all added to a PTFE cup at room temperature. Then, the appropriate solvent mixtures were
added to the paste in a dropwise fashion to produce a printable rheology. To produce
uniformity, the solvents were added dropwise in ~1 mL increments and the paste was
folded together with a spatula until the desired rheological properties (i.e. pliable, selfstanding, homogeneous, and non-flow) were observed. Here, it should be noted that – while
the gelatin/pectin/zeolite ratios varied across crystallites – it was generally found that
higher pectin/gelatin ratios produced better rheological properties, whereas adding too
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much gelatin led to shear thickening behavior. As such, when applying this approach to
other zeolites, a good starting point for paste optimization would be to begin using only
pectin, followed by incremental gelatin addition to minimize ink spreading. It is also worth
noting here that, in our earlier techniques,[1,11–16] the paste formulation and densification
processes took place over the course of 1-3 days, whereas this new technique yielded a
printable paste in less than 5 min, meaning that this new method allows for much faster
rheological optimization. Therefore, utilizing sacrificial biopolymers for zeolite gelation
and 3D printing can be considered a superior technique from a rapid manufacturing
perspective, as it dramatically reduced binding time from traditional paste formulation.
After producing the zeolite/biopolymer inks, the monoliths were 3D-printed using our
established setup.[1,11–16] The zeolite 13X and 5A monoliths were printed using 0.84 mm
(Nordson) tips, however, the ZSM-5 and South African monoliths were printed using 1.36
mm tips because those inks displayed denser rheologies and could not be extruded through
the smaller bores. Nevertheless, because the ZSM-5 and South African samples were
successfully formed into monoliths, they are still worth discussing here as a proof-ofconcept. In subsequent works, we will further tune the paste compositions to enhance
geometric and rheological control. After 3D printing, all monoliths were dried overnight
in the fume hood (12 h, 25 °C) to gently remove the solvents and prevent cracking.
Thereafter, they were calcined using a stepwise ramp. In the first step, the monoliths were
heated to 350 °C using a ramp rate of 2 °C/min and held isothermally for 2 h. Then, the
monoliths were heated at 2 °C/min to 550 °C for final sintering, where the temperature was
held for 6 h. The furnace was then allowed to cool to 25 °C naturally for 12 h. This stepwise
ramp was found to be necessary as rapidly heating the monoliths directly to 550 °C led to

187
structural decomposition, on account of overly rapid binder burnout. Lastly, it should be
noted here that – to compare the kinetic performance of the monoliths produced by this
new method to those manufactured by conventional bentonite/zeolite direct ink writing –
we also synthesized the 200 cell per squared inch 13X-R4 and 5A-R4 monoliths using the
technique reported previously. These inks’ ratios are also contained in Table 1 and the
printing process can be found in our earlier work.[1]

Table 1. Paste compositions used to 3D-print binderless zeolite monoliths.
Monolith

Zeolite Pectin
(wt.%) (wt.%)

13X

66.7

13.3

Gelatin
(wt.%)
20.0

PVA Bento- MethylDI DMF
(wt.
nite
cellulose (mL) (mL)
%) (wt.%) (wt.%)
0.0
0.0
0.0
5
1.5

Et
OH
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0
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0.0
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Figure 1. Schematic representation of binderless zeolite monolith formulation by 3D
printing with sacrificial biopolymers.

2.3. MATERIALS’ CHARACTERIZATION
To assess the biopolymer degradation temperatures, thermalgravimetric analysis
(TGA) was performed on a Q500 TGA from a TA instruments. Therein, the samples were
heated at 10 °C/min under 60 mL/min air from 25-900 °C. Both the weight and derivative
weight profiles were collected to assess the biopolymers’ thermal decompositions. The
powdered, uncalcined, and calcined samples’ crystallinities were assessed by X-Ray
diffraction (XRD) on a PANalytical X’Pert Multipurpose X-ray Diffractometer with a scan
step size of 0.02°/step and a rate of 147.4 s/step. The monoliths’ surface topographies
particle binding behaviors were assessed after calcination using a Hitachi S4700 fieldemission scanning electron microscope (FE-SEM). The mechanical strengths of the zeolite
13X, 13X1%, 13X2.5%, and zeolite 13X5% monoliths were assessed by an Instron 5881
extensometer under 0.2 mm/min compression, anvil height of 5 mm, and a head thickness
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and width of 2 mm. N2 physisorption isotherm measurements were collected for the zeolite
powders, uncalcinated, and calcinated monoliths at 77 K using a Micromeritics (3Flex) gas
analyzer to investigate the samples’ textural properties at various stages of manufacturing.
Prior to measurement, the samples were degassed under vacuum at 350 °C on a
Micromeritics Smart VacPrep for 6 h to remove any pre-adsorbed species. The bindercontaining (uncalcined) monoliths were degassed at 200 °C for 6 h to prevent
decomposition of the gelatin and pectin. The surface area and pore size distributions (PSD)
were calculated by Brunauer−Emmett−Teller (BET) and nonlocal density functional
theory (NLDFT) methods, respectively, from the N2 physisorption data. 3Flex was also
used to assess the micropore distributions for the calcined monoliths and parent powders
from 0.3-1 nm. To accomplish this, the samples were first degassed using the same
conditions and underwent isothermal CO2 adsorption from 0-1 bar at 0 °C, where the
temperature was held by submerging the sample tubes in a well-insulated ice bath. After
collecting the data, the adsorption isotherms were analyzed using the density functional
theory (DFT) method. Typically used to assess narrow pores in activated carbon,[29] this
method is a well-established way of assessing pore distributions below 1 nm because it
overcomes the diffusion limitations for N2 which prevent it from entering the narrowest
pores at 77 K.[30] As such, it was deployed here to analyze the pore narrowing effects for
the monoliths compared to their pristine powders, since these were found to occur at low
diametric ranges and were not observable by N2 physisorption alone. To assess the
binderless samples’ macroporosities after calcination, mercury intrusion porosimetry
(MIP) was performed using a low pressure sweep on a Quantichrome Poremaster. Therein,
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the pressure was swept from 0-30 psi under fixed rate, dwell time of zero, and motor speed
of twelve.

2.4. ADSORPTION MEASUREMENTS
The zeolite powders’ and calcined monoliths’ CH4, N2, and CO2 adsorption
isotherms were measured on 3Flex at 25 °C from 0 – 1 bar. Prior to measurement, the
samples were degassed using the conditions used from N2 physisorption. The
corresponding CO2/CH4 and CO2/N2 selectivities from these isotherms were calculated by
the IAST method.[28] The calcinated zeolite 13X and 5A monolith samples also underwent
dynamic CO2 adsorption to compare their adsorption performances against commercial
zeolite bead and powder analogues. Therein, the fractional adsorption uptake experiments
were performed on a Q-500 thermalgravimetric analyzer (TGA). Prior to analysis, the
samples degassed at 400 °C for 1 h under 60 mL/min of N2. The samples were then cooled
to 25 °C and the dynamic performances were assessed under 40 mL/min of 10% CO2/N2
for 60 min. The heating and cooling rates for each step were 10 °C/min. The fractional
uptakes were then calculated using a technique described in our previous work [31] and
were modeled by varying the diffusivity to maximize the R2 values, as detailed
previously.[32,33] For reference, the equations used for modeling are shown in Equations
S1-S3, Supporting Information.

3. RESULTS AND DISCUSSION

The monoliths’ thermal decomposition profiles from TGA are shown in Figure 2,
whereas the bentonite@13X monoliths’ profiles are displayed in Figure S1, Supporting
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Information. First, it should be noted here that the bentonite@13X monoliths all displayed
a new peak at 500 °C, which literature indicated could be attributed to dihydroxylation and
dehydration of the minerals in bentonite clay.[34,35] Also worth noting, across all samples
weight loss occurred below 100 °C, however, this could be attributed to desorption of water
and CO2. In other words, these peaks were not found to be indicative of the biopolymers’
thermal decompositions. On the other hand, the peaks between 150-450 °C were
representative of the known temperatures for pectin and gelatin thermal decomposition. To
be specific, the gelatin containing samples – i.e., the 13X (Figure 1a), bentonite@13X
(Figure S1), and 5A (Figure 1b) monoliths – all displayed a peak at ~150 °C, which
coincides with combustion of gelatin biopolymers.[36] Notably, the SA monolith (Figure
1d) also showed a peak at this range, however, because that zeolite was not commercially
synthesized, and because the peak was much sharper compared to that for 13X and 5A, it
can likely be contributed to some leftover contaminants from synthesis. Having said this,
the SA monolith’s peaks at 230 and 285 °C were concluded as pectin decomposition, since
they were also present in the 13X, 5A, and ZSM-5 (Figure 1c) monoliths, and corresponded
to the known decomposition temperatures for pectin from literature.[37] Also worth noting
here, all monoliths showed small peaks above 410 °C, which can likely be attributed to
combustion of leftover carbon from removing the biopolymer templates. Importantly, these
peaks all occurred well below the calcination temperature of 550 °C, meaning that the
conditions selected were sufficient to fully extract the biopolymers. Granted, it is worth
noting that the 13X and ZSM-5 monoliths did show some weight loss between 560-590
°C, however, this only led to a 1-2% reduction in sample weight and, therefore, was
unlikely to produce any real effects on sorption properties. As such, the calcination
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temperature of 550 °C was concluded to be sufficient for extraction of the biopolymer

o

o

0.5

Derivative Weight (wt.% / C)

Derivative Weight (wt.% / C)

additives.

13X

a)
o

0.4

230 C

0.3

o

285 C

0.2
o

150 C
0.1

o

470 C

o

560 C

0.0

5A

b)
0.15
o

150 C
o
195 C

0.10

o

340 C

0.05

o

475 C
0.00
100

90

Weight (%)

Weight (%)

100

0.20

80
70

90

80

60
70

50
25

200

375

550

725

o

25

900

200

0.3

o

Derivative Weight (wt.% / C)

c)

ZSM-5
o

240 C

0.2
o

285 C
0.1
o

410 C

550

725

900

o

o

590 C
0.0

0.20

SA
140 C
o
220 C

0.15

o

285 C
0.10

0.05

o

410 C

0.00
100

90

90

80

d)
o

100

Weight (%)

o

Derivative Weight (wt.% / C)

Weight (%)

0.4

375

Temperature ( C)

Temperature ( C)

80

70

70

60

60
25

200

375

550

725
o

Temperature ( C)

900

25

200

375

550

725

900

o

Temperature ( C)

Figure 2. Weight and derivative weight loss profiles from TGA for biopolymercontaining (a) 13X, (b) 5A, (c) ZSM-5, and (d) SA monoliths from 25-900 °C.
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The printed zeolite 13X monolith is shown in Figure 3a-b, while the mechanical
strengths as a function of bentonite loading are shown in Figure 3c. There was no visual
change between the uncalcined and calcined monoliths, meaning that sintering the zeolites
and removing the biopolymers did not lead to structural shrinkage and the printed scaffold
geometries could be easily replicated. Here, it should also be noted that the bentonitecontaining zeolite 13X and binderless 5A monoliths were visually indistinguishable from
the zeolite 13X monolith. The SA and ZSM-5 monoliths were also indistinguishable, albeit
with a diameter of 2 cm and channel thickness of 1.4 mm because of the thicker tips used
for printing, instead of the 1.5 cm diameter piece with 0.5 mm channel thickness depicted
in Figure 3a-b. For these reasons, only the 13X monolith is shown here. As evident, this
technique was able to produce monoliths which were self-standing and free of cracks,
indicating that using sacrificial biopolymers is a facile means of printing binderless zeolite
structures. Granted, the purely binderless monoliths were brittle (Figure 3c), which was not
surprising because mechanical strength is known to be caused by bridging between the
active support and inert clay. Nevertheless, adding a mere 1 wt.% of silica clay (i.e.
bentonite) doubled the mechanical strength from the purely binderless monolith, whereas
adding 2.5 wt.% gave rise to a near six-fold enhancement in compressive strength. As such,
the issue of low strength in binderless monoliths can clearly be addressed by adding small
amounts of binding agent, where 2.5 wt.% of bentonite can be considered an effective
starting point for mechanical optimization. Notably, this binder concentration is still less
than commercial binderless zeolite monoliths – such as those produced by Ingevity
corporation which include up to 10 wt.% binding agent – meaning that, for all intents and
purposes, monoliths with 1-5 wt.% of binder can be considered “binderless” materials,
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since they contain higher support loadings to commercial analogues that are included under
the same classification.[38] Overall, the results displayed in Figure 3 indicate a promising
proof-of-concept for the manufacturing of binderless zeolite monoliths by 3D printing
pectin and gelatin sacrificial biopolymers and demonstrate a versatile means of 3D printing
binderless zeolites for the first time.
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Figure 3. Visual and SEM images of (a-b) zeolite 13X as well as (c) mechanical strengths
of zeolite 13X monoliths with various bentonite loadings.

The SEM images of the intraparticle bonds within the calcined zeolite monoliths
are shown in Figure 4a-d, while the powder, uncalcined, and calcined XRD spectra are
shown in Figure 4e. As circled in yellow, all four zeolites exhibited intraparticle bridging,
which was the source of mechanical strength for the purely binderless monoliths and
prevented collapse of the printed structures. Between the four zeolites examined here, the
intraparticle bonds were most apparent in the zeolite 13X (Figure 4a) and SA (Figure 4d)
monoliths, where soldered bridges can clearly be observed. Notably, such sintering is
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known to occur when zeolites are calcined in the presence of binding agents, such as
bentonite or halloysite nanotubes and, therefore, was somewhat anticipated from
literature.[1,16,19] This being stated, to the best of our knowledge, this is the first time
these bridges have ever been observed between individual zeolite particles, especially
between particles in a printed ceramic, meaning that the SEM micrographs represent a
novel piece of information pertaining to the physiomechanical properties of structured
zeolites.
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Figure 4. SEM micrographs of intraparticle bonding for calcined (a) 13X, (b) 5A, (c)
ZSM-5, and (d) South African zeolite samples as well as (e) corresponding XRD patterns
for (black) pristine powders, (red) uncalcined, and (blue) calcined binderless monoliths.

Namely, the SEM images demonstrate that interparticle bonds not only form
between zeolite particles and inert binding agents, but also can form between individual
zeolite conglomerates themselves. As apparent from the XRD patterns (Figure 4e),
however, this bridging did not seem to affect the zeolites’ crystal structures, since the
calcined monoliths all exhibited diffractive indices which were consistent with their parent
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powders. Granted, it is worth noting here that the uncalcined samples showed losses in
peak intensity and broadened diffractive indices, which could be attributed to obstruction
of the crystal planes by the biopolymers, however, the index reformation after calcination
indicated that the zeolites’ crystallinities were intact. Therefore, on the basis of the results
in Figure 4 it was concluded that i) the source of mechanical strength in binderless zeolites
stims from interparticle bridging and ii) 3D printing zeolite monoliths by using sacrificial
gelatin and pectin biopolymers does not produce any significant change in the bulk zeolite
structure.
The N2 physisorption isotherms and pore distributions are shown in Figure 5, while
the corresponding textural properties are summarized in Table 2. Here, it is worth noting
that, in the bentonite@13X samples, there was a small increase in surface area compared
to the pure binderless monolith, however, this likely could be attributed to reduced bonding
formed between the individual zeolite particles, on account of their bonding with the
bentonite, which preserved some of the active sites. While these effects are interesting,
they were found to not play significant roles in the monoliths’ adsorption capacities and,
therefore, are not overly important. What is important, however, is that across all
commercial zeolites (i.e. 13X, 5A, and ZSM-5), Type I physisorption isotherms with Type
H4 hysteresis was observed, which coincided with the IUPAC reports for microporous
materials.[39] These isotherm and hysteresis shapes were also observed in the calcined SA
samples (Figure 5e), however, the powder exhibited a much lower N2 uptake than the
monolith, which was not to be expected. On the one hand, this may have been caused by
an incomplete ion exchange between the zeolitic Na and H-forms, nonetheless, previous
studies on this material indicated that the zeolite’s pores are too narrow for N2 permeation
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at 77 K,[26,27] meaning that definitive conclusions pertaining to differences in the
monolith’s and powder’s textural properties could not be drawn N2 physisorption alone.
Granted, the monolith’s slight enhancement in surface area and pore volume implied that
its active sites were more accessible to the condensing gas, thus suggesting that there was
some degree of difference between the two materials’ pore structures, possibly stimming
from the interparticle bridging observed in in Figure 4. These effects were further
supported by the 13X (Figure 5a), bentonite@13X (Figure 5b), ZSM-5 (Figure 5d),
monoliths’ pore distributions, where small shifts from the meso- to microporous regimes
were observed after calcination, suggesting that a narrowing effect was present. However,
because this shift was not present for the 5A samples (Figure 5c), the differences in pore
structures between the as-received zeolite powders and binderless monoliths required
further analysis to precisely elucidate these effects.
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To investigate the differences in textural properties between the powdered and
binderless zeolites posed by Figure 5, CO2 adsorption isotherms were collected at 0 °C
from 0-1 bar, since CO2’s diameter under these conditions can better fill the small
adsorbent pores compared to N2 at 77 K. [29,30] The DFT pore distributions collected
from these experiments are displayed in Figure 6, while the corresponding peak heights
and areas are summarized in Table S1, Supporting Information.
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Table 2. Textural properties for the zeolite powders, uncalcined, and calcined monoliths.
Sample

SBETa
(m2/g)

Vp-microb
(cm3/g)

Vp-mesoc
(cm3/g)

NLDFT Pore
Size
(nm)

13X Powder
13X Monolith (Uncalcined)
13X Monolith (Calcined)
13X1% (Uncalcined)
13X1% (Calcined)
13X2.5% (Uncalcined)
13X2.5% (Calcined)
13X5% (Uncalcined)
13X5% (Calcined)
5A Powder
5A Monolith (Uncalcined)
5A Monolith (Calcined)
ZSM-5 Powder
ZSM-5 Monolith (uncalcined)
ZSM-5 Monolith (calcined)
SA Zeolite powder
SA Zeolite Monolith (uncalcined)
SA Zeolite Monolith (calcined)

660
150
550
30
640
210
620
30
590
660
130
540
470
160
390
2
14
96

0.30
0.05
0.30
0.00
0.29
0.09
0.29
0.01
0.29
0.32
0.05
0.26
0.15
0.06
0.15
0.00
0.004
0.00

0.08
0.06
0.02
0.03
0.03
0.02
0.04
0.02
0.02
0.00
0.03
0.01
0.15
0.09
0.12
0.002
0.015
0.090

2, 10
2-10
2, 10
2-10
2, 5
3, 6
2, 3-15
2.3
2, 10-20
2
2,4,6
2, 15
2
2,6,8
2
10-35
3, 7, 9, 18-38
4, 14

a

SBET was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapor
pressure ranging from 0.1 to 0.3.
b

c

Vp-micro was obtained using the NLDFT method from 0-2 nm.

Vp-meso was obtained using the NLDFT method from 0-2 nm.

As evident, most of the zeolites exhibited slight diametric pore narrowing after
formulation into binderless monoliths. As observed from Figure 4, these effects could have
been caused by slight malformation of the pore structure stimming from the interparticle
bridging at high temperature.[40] Although this phenomenon did not yield any discernable
changes in the bulk crystalline phases, as was evidenced by the XRD patterns, it did give
rise to pronounced changes in micropore sizing. Evidently, these effects changed from one
zeolite to another, which was not surprising given that the physiochemical properties across
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crystallite families are not constant and, therefore, should yield differences in sintering
behavior. Granted, all samples did exhibit a peak at 0.367 nm, however, because this peak
was not fully formed, it should be considered a lower bound of the DFT technique with
CO2 at 0 °C and not representative of the micropore distributions. Nevertheless, some
useful information was gathered from the narrow pore range in the zeolite 5A samples
(Figure 6b). Specifically, although the 5A samples displayed no discernable pore diameter
shift after 3D printing, the monolith’s peaks at 0.367 and 0.437 nm increased in height by
10% and 5%, respectively, compared to the powder. This strongly suggested that the
structured material contained additional micropore space, which could have been caused
by a diametric shift from 1-2 nm in the powder towards 0.4-1 nm in the monolith. While
there is not a technique to definitively prove this theory, it was also strongly supported by
the other zeolites’ DFT profiles where clear narrowing was observed.
For example, the 13X powder exhibited pore diameters at 0.474-0.507 and 0.6480.681 nm (Figure 6a), however, the 0.474 nm peak shifted to 0.472, 0.473, 0.453, and 0.455
nm in the binderless, 13X1%, 13X2.5%, and 13X5% samples, respectively, while the 0.681
nm peak shifted towards 0.559, 0.561, 0.576, and 0.559 nm, respectively. Notably, the shift
at 0.474 nm was not significant in the binderless and 13X1% samples, however, the higher
bentonite loadings gave rise to increased narrowing at that range, likely caused by binder
intrusion into the pore window.[41,42] Nevertheless, these effects were marginal and not
overly significant, as evidenced by the 13X2.5-5% samples’ higher surface areas compared
to the binderless monolith (Table 2). On the other hand, the monoliths’ diametric shifts at
0.648 nm were much more substantial, as that pore diameter reduced in size by ~20%
regardless of the binder concentration and, therefore, could likely be attributed to
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intraparticle zeolite bridging. A similar effect was also observed in the SA zeolite samples
(Figure 6d), where the powder’s peak at 0.471 nm shifted towards 0.435 nm in the
monolith, while the peak at 0.611 nm became nonexistent. The latter peak’s disappearance
was likely caused by a shift to the 0.435 nm range, as further evidenced by the 70% increase
in peak area for the monolith relative to the powder between 0.4-0.6 nm. It is also worth
noting that the monolith showed a decrease in pore volume below 0.367 nm compared to
the powder, indicating that some of the zeolite’s micropores had broadened. This agreed
with the textural properties from N2 physisorption, where the monolith displayed a higher
surface area, thereby suggesting that the micropores had become more accessible to N2
condensation. As evident, the CO2 isotherms at 0 °C corroborated this conclusion, since
the monolith’s pore distribution indicated that the narrowest micropores had increased in
diameter to some degree relative to the parent SA powder. In the ZSM-5 samples (Figure
6c), the powder displayed several micropore ranges between 0.4-0.9 nm, all of which
shifted towards 0.367, 0.439, and 0.576 nm in the monolith. Compared to the other zeolites,
the pore narrowing effects were much more prevalent for ZSM-5. As previously noted,
these pronounced changes could probably be attributed to differences in the zeolites’
physiochemical properties, since these parameters are known to affect bridging behavior.
Nonetheless, such characteristics should be the target of subsequent studies, as the work
here is simply focused on demonstrating a versatile method of binderless zeolite printing
and characterizing its effects on the monoliths’ physiochemical properties. In this regard,
the dataset in Figure 6 can be used to generate an important conclusion. Namely that,
although zeolite/biopolymer printing does not impact crystallinity, it does produce changes
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in micropore sizing which can lead to pronounced differences in adsorption behavior
compared to the parent powders.
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As a supplement to the other pore characterizations, low-pressure MIP was
performed on the various binderless zeolite monoliths to assess the hierarchal macropore
distribution produced by biopolymer extraction. The MIP profiles are shown in Figure 7,
whereas the mercury pore volume is summarized in Table 3. As can be seen, the highest
macropore volume was observed in the binderless zeolite 13X monolith. This was not
surprising, since the 13X monolith ink contained ~50 wt.% of organic binder, whereas the
other samples’ binder contents ranged from 7.9-25 wt.%. In other words, this result was
not surprising, since increasing the printing ink’s organic concentration is known to
increase macrovoid space produced during template removal.[16] As apparent, the 13X
monolith’s higher binder concentration also led to a macropore diameter shift towards
larger voids, since most of the pore space was allocated above 20 µm. Granted, the zeolite
5A (Figure 7b), ZSM-5 (Figure 7c) and South African (Figure 7d) monoliths also displayed
some macropore volumes above this threshold, however, they were not as pronounced as
the 13X sample, meaning that their hierarchal pore structure was more evenly distributed
from 1-100 µm. Having said this, it was clearly concluded that – regardless of the
polymeric binder concentration – this new printing method generates a hierarchal
macropore structure with considerable pore space. Stimming from this, it was anticipated
that the binderless monoliths would display enhanced mass transfer properties compared
to conventionally printed bentonite@zeolite monoliths produced by direct ink writing, as
the elevating the macropore volume has been shown to reduce barriers to molecular
diffusion and lead to sharper mass transfer kinetics. [15,16] Indeed, this was observed in
the fractional uptakes, as will be discussed in subsequent sections.
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Figure 7. Low pressure MIP profiles for (a) 13X, (b) 5A, (c) ZSM-5 and (d) SA
monoliths produced by 3D printing sacrificial biopolymers.

Table 3. Binderless monolith Hg macropore from low pressure analysis.
Sample
13X
5A
ZSM-5
SA

Hg Pore Volume
(cm3/gsample)
3.1
0.13
0.15
0.10

The four zeolite samples’ CO2, N2, and CH4 adsorption isotherms and IAST CO2
selectivities are displayed in Figure 8. First, it should be noted that all monoliths exhibited
comparable CO2/CH4 and CO2/N2 selectivities to the parent powders, where varying
increases and decreases were observed because of differences between the samples’
measured CO2, N2, and CH4 adsorption capacities. To be more specific, all binderless
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monoliths showed increased CO2 adsorption uptakes compared to the pristine powders,
where the N2 and CH4 adsorption capacities also increased by varying degrees in the 13X
(Figure 8a-b), 5A (Figure 8c-e), and ZSM-5 (Figure 8f-h) monoliths.
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Notably, these effects were consistent with the diametric narrowing observed in
Figure 6, as slight shrinkage of the pore window can yield enhanced electrostatic
interactions between the captured guests and adsorbent walls, thereby increasing the
adsorption capacity even if the surface area and pore volume are lower.[43,44] Granted,
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the SA zeolite monolith (Figure 8i-k) exhibited a reduced CH4 adsorption capacity and
nearly identical N2 adsorption capacity compared to its parent powder, however, this
sample also showed a degree of pore broadening which likely can be considered the source
of these effects. Otherwise, it is possible that unforeseen factors affected the SA monoliths’
storage capacity, since the zeolite was not commercially synthesized. As such, the SA
zeolite monolith’s adsorption isotherms are less statistically significant relative to 13X, 5A,
and ZSM-5. In those samples, however, the benefits of pore narrowing can be clearly
observed, as all three monoliths exhibited enhanced adsorption capacities relative to their
parent powders. To the best of our knowledge, this is the first time that such a phenomenon
has ever been observed for binderless zeolite monoliths, much less binderless monoliths
produced by 3D printing, and represents a novel way of tuning structured zeolites’
adsorptive properties.
The fractional 10% CO2/N2 uptakes at 25 °C for the various 13X and 5A zeolite
materials are displayed in Figure 9, while the calculated adsorption capacities and
diffusivities are summarized in Table 4. Here, it should first be noted that all R2 values
exceeded 0.98, indicating that the selected model and diffusivity values accurately
represented the fractional adsorption uptakes. It should also be noted here that, between the
various monoliths tested, only the binderless 13X sample exhibited a higher CO2
adsorption capacity than its parent powder. Quite likely, this was caused by the monoliths’
enhanced N2 adsorption capacity, which led to more pore filling while equilibrating the
furnace at 25 °C. This being stated, the differences between the powders and monoliths
were not very high, meaning that the mass transfer properties can be considered better
heuristics for assessing their performances as adsorbent materials.

210
a)

1.0

0.8

0.6

13X Powder
13X Beads (Ingevity)
13X Binderless Monolith

0.4

M/ M¥

0.8

M/ M¥

c)

1.0

0.6

0.4

1%

13X

5A Powder
5A Beads (Sylobead)
5A Binderless Monolith
5A Monolith - R4

2.5%

13X
5%
13X

0.2

0.2

13X Monolith-R4

0.0
0

5

10

15

20

0.0
0

3

6

M/ M¥

5%

13X

2.5%

13X

2

M/ M¥

R = 0.99

1%

13X

R = 0.99

1.00
0.75
0.50
0.25
0.00

2

R = 0.99

1.00
0.75
0.50
0.25
0.00

5A Monolith-R4

2

R = 0.99
5A Binderless Monolith

1.0
0.8
0.6
0.4
0.2
5A Beads (Sylobead)
0.0
2

2

13X Binderless Monolith
2

1.00
0.75
0.50
13X Beads (Ingevity) 0.25
0.00
13X Powder

0

5

10

1/2

t (s )

15

20

M/ M¥

2

R = 0.99

1.0
0.8
0.6
0.4
0.2
0.0

R = 0.99

R = 0.98

M/ M¥

1.0
0.8
0.6
0.4
0.2
0.0

R = 0.99

1.00
0.75
0.50
0.25
0.00

18

2

M/ M¥

M/ M¥

2

R = 0.99

1.00
0.75
0.50
0.25
0.00

15

d)

2

R = 0.99 13X Monolith-R4

1.00
0.75
0.50
0.25
0.00

12

t (s )

t (s )
1.00
0.75 b)
0.50
0.25
0.00

9
1/2

1/2

1.0
0.8
0.6
0.4
0.2
0.0

2

R = 0.99

5A Powder

0

3

6

9

1/2

t (s )

12

15

18

Figure 9. Fractional 10% CO2/N2 adsorption uptakes (symbols) and corresponding fitted
profiles (lines) for (a-b) 13X and (c-d) 5A zeolite materials at 25 °C.

In this regard, both the bentonite@13X (Figure 9a-b) and 5A (Figure 9c-d)
monoliths displayed slightly broader fractional uptakes compared to the commercial beads.
This was not surprising, as our earlier works have repeatedly proven that printed monolith
mass transfer is dependent on molecular diffusion, which is always inhibited to some
degree by pore blockage from the inert binder. [15,16]This being the case, these effects
were not very substantial, as the low-binder containing monoliths exhibited nearly identical
diffusivities to those of the purely binderless beads and monoliths and, also, displayed
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much faster kinetics compared to the 13X/R4 monolith produced by our previous
technique.[1] Also worth noting here, similar properties were observed in the binderless
5A monolith compared, however, its transport was much slower relative to its powder and
bead analogues compared to 13X. Granted, the 5A powder and beads both displayed faster
diffusivities compared to the 13X powder and beads, so comparing the various monoliths’
transport properties can be considered a better representation of the materials’ kinetic
behaviors.

Table 4. CO2 Adsorption capacities and diffusivity values from normalized uptake
experiments.
Sample

CO2 Adsorption
Capacity
(mmol/g)

Diffusivity×109
(cm2/s)

13X Powder
13X Beads (Ingevity)
13X Binderless Monolith
13X1.0%
13X2.5%
13X5.0%
13X Monolith – R4
5A Powder
5A Beads (Sylobead)
5A Binderless Monolith
5A Monolith – R4

3.3
3.3
3.5
3.5
3.4
3.3
3.0
4.0
3.3
3.7
3.5

1.3
1.4
1.3
1.1
1.4
1.1
1.0
3.5
2.0
1.6
1.5

In this regard, the binderless 5A monolith’s kinetics were also faster than its R4
counterpart and were even slightly faster than the binderless 13X sample. This was
surprising considering that the 5A monolith was significantly less macroporous than the
13X monolith, effectively indicating that biopolymer burnout produces mass transfer
benefits even when the template concentration is low. Moreover, both the binderless and
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bentonite@13X monoliths displayed vastly enhanced kinetics compared to their R4
analogues, as well as comparable diffusivities to their commercial bead counterparts, which
represented a fundamental improvement for 3D-printed monolith mass transport
properties. Namely, biopolymer printing and calcination overcomes the limitation of
molecular diffusion posed by conventional additive manufacturing and gives rise to
scaffolds with comparable kinetic properties to commercial geometries.

4. CONCLUSIONS

While conventional hydraulic extrusion can produce 100% pure binderless zeolite
monoliths across several families, as far as we are aware there has never been a simple and
rapid 3D printing technique which can achieve the same purity for any zeolite. In this study,
however, we demonstrated a rapid approach of formulating binderless zeolite monoliths
across four different families for the first time by utilizing gelatin and pectin biopolymers
in ink formulation. Unlike other approaches, this so-called “sacrificial biopolymer” style
of 3D printing generated structures from multiple zeolite families and produced printable
inks in under five minutes. Moreover, as was evidenced by the various pore analyses and
adsorption isotherms, calcining zeolites alongside gelatin and pectin lead to narrowing of
the pore windows and gave rise to enhanced adsorption capacities. As yet another benefit,
the binderless monoliths exhibited comparable mass transfer properties to those of
commercial benchmarks, which was demonstrated to be an improvement on conventional
3D printing, where the dynamic rate is critically dampened by molecular mass transfer.
Therefore, the technique demonstrated in this study represents a novel and important
breakthrough in additive manufacturing, since it is the first ever known means of

213
formulating 100% pure zeolite scaffolds for virtually any family, allows for rapid printing,
and yields enhanced physiochemical properties compared to the pristine powder. Granted,
there are still improvements to be made in order to impart better mechanical strength and
geometric control, however, such challenges are small compared to developing the printing
method itself. As such, this work represents an important first step in the advancement of
zeolite 3D printing technology.
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SUPPORTING INFORMATION

The fractional adsorption uptakes from TGA were modeled using a technique reported
by Pimental et al.[1] Briefly, a modified Fickian diffusion model was used, as shown in eq.
S1.

Mt
M∞

=1- ∑∞
n=1

6α(α+1)e

-Dq2n t
R2

9+9α+α2 q2n

(S1)

Where D, t, R, Mt and M∞ represent the varied diffusivity (cm2/s), elapsed time, particle
diameter (cm), sample weight at time t, and maximal sample weight, respectively.
Meanwhile, qn and α are constants which can be estimated by eq. S2 and eq S3,
respectively.
3q

tan(qn ) = 3+αqn

n

(S2)
Where qn are all non-zero roots of eq. S2, and α can be calculated by:
M∞
VC0

1

= 1+α

(S3)
Where V and C0 are the furnace volume (cm3) and CO2 gas concentration, respectively.
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Table S1. Summary of zeolite samples’ DFT peak analysis by CO2 adsorption at 0 °C
from 0-1 bar.
Sample

Zeolite 13X Powder

Zeolite 13X Monolith
13X1%
13X2.5%
13X5%
Zeolite 5A Powder
Zeolite 5A Monolith

ZSM-5 Powder

ZSM-5 Monolith

SA Zeolite Powder
SA Zeolite Monolith

Peak Diameter
(nm)

Peak Height
(cm3/g . nm)

Peak Area
(cm3/g)

0.367-0.384
0.474-0.507
0.648-0.681
0.366-0.384
0.472-0.507
0.559-0.609
0.367-0.385
0.473-0.525
0.561-0.628
0.367-0.384
0.453-0.522
0.576-0.647
0.367-0.384
0.455-0.542
0.559-0.664
0.367-0.384
0.436-0.489
0.367-0.384
0.437-0.490
0.367-0.402
0.421-0.524
0.524-0.646
0.646-0.735
0.752-0.842
0.367-0.403
0.439-0.558
0.576-0.714
0.368-0.402
0.471-0.558
0.611-0.715
0.367-0.385
0.435-0.509

6.6
5.8
2.1
5.5
5.6
1.6
6.5
5.1
0.9
4.4
3.93
2.8
5.8
2.7
0.4
5.7
4.3
6.3
4.5
0.121
0.362
0.504
0.174
0.439
2.48
0.68
0.18
5.24
0.58
0.12
4.27
3.95

0.117
0.102
0.009
0.1
0.1
0.04
0.114
0.104
0.035
0.077
0.101
0.064
0.102
0.105
0.025
0.101
0.123
0.109
0.105
0.003
0.028
0.012
0.01
0.018
0.061
0.04
0.014
0.125
0.026
0.008
0.075
0.135
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ABSTRACT

Structuring metal-organic framework (MOF) monoliths by 3D printing has become
an increasingly attractive area of research, however, the factors which affect the dynamic
performances of these materials are poorly understood. Therefore, this study varied
adsorption pressure, adsorbate superficial velocity, feed compositions, and adsorption time
over a 3D-printed MOF-74 (Ni) monolith to investigate how these parameters influence
CO2/H2 separation performance. This was accomplished using breakthrough and cyclic
adsorption/desorption experiments, where the adsorption pressure was varied between 110 bar, the superficial velocity of 60% H2/40% CO2 was varied from 0.44-1.80 cm/s, and
different CO/CO2/H2 feeds were introduced. The adsorption time was also varied from 45120 seconds in the cyclic experiments. The breakthrough experiments indicated that higher
pressures increase fluid turbulence around the monolith leading to broadened wavefronts,
whereas increasing the superficial velocity lessens the degree of CO2/H2 wavefront
separation. Meanwhile, the multicomponent breakthrough experiments indicated that
increasing the CO concentration causes competitive adsorption behavior with CO2 which
reduces the molecular mass transfer rate. Therefore, the mass transfer rate of 3D-printed
MOF-74 (Ni) monoliths was concluded to slow with increased flowrate, pressure, and CO
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concentration. The cyclic adsorption/desorption experiments revealed that increasing the
adsorption pressure enhances CO2/H2 separation but decreases H2 productivity, whereas
increasing the adsorbate superficial velocity and lengthening the adsorption time reduce H2
purity but increase productivity. Optimizing these heuristics revealed that the monolith
displayed its best performance with 1.80 cm/s superficial velocity, 10 bar pressure, and 60
second sorption time, where it achieved 98% H2 purity and 18 mmol H2/h.gmonolith
productivity. Overall, this study provides a thorough assessment of the factors which
impact the CO2/H2 separation performance of 3D-printed MOF-74 (Ni) monoliths and
provides fundamental insight into the kinetic properties of 3D-printed adsorbent monoliths.
Keywords: 3D-printing, Metal-organic frameworks, MOF-74 (Ni), CO2/H2 separation,

1. INTRODUCTION

A valuable commodity chemical, H2 is used extensively as a clean burning fuel
source and is a precursor in many industrial petrochemical reactions. Often times, H2 is
formed during syngas production from hydrocarbon precursors via the water-gas shift
reaction.1,2 This process forms a mixture of CO, CO2, and H2, so the effluent H2 stream
process is typically laden with inert species that reduce its energetic density and market
value. Between CO and CO2, CO is usually present in a lower concentration because it can
further react via the reverse water gas shift with other hydrocarbons to reduce its
concentration. However, CO2 – being an inert gas – is not consumed in catalytic processes,
so its concentration in effluent streams is higher compared to CO. Therefore, separating
CO2 from H2 is an important aspect in H2 upgrading. Typically, CO2 is captured using
amine scrubbing or cryogenic fracturing, however, the high waste outputs and considerable
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energy requirements associated with these techniques have drawn immense criticism in
recent years.3,4 Alternatively, CO2 can also be separated from H2 using adsorption
technology, whereby the species is abated within a selective medium. Namely, CO2 capture
with adsorption can be accomplished by i) storing the contaminate within a microporous
material CO2 (physisorption) or ii) by chemically bonding CO2 to an amine-functionalized
solid (chemisorption).
Between these techniques, chemisorbents experience issues of deactivation across
multiple adsorption/desorption cycles because the volatile amines leach over time thereby
reducing the working adsorption capacity of the materials. Meanwhile, physisorbents
usually display better cyclic stability because the physical adsorbent does not contain any
volatile species, so cyclic leaching cannot occur with these materials.5,6 Besides,
physisorbents also incur the ability to be regenerated via pressure-swing because the
adsorbate/adsorbent interactions are purely physical, whereas severing the covalent bonds
CO2-NHx in chemisorbents typically requires thermal-swing regeneration. Between these,
pressure-swing regeneration is advantageous compared to thermal-swing regeneration
because the latter approach requires long cooling times due to the high heat capacity of
stainless steel. Meanwhile, pressure-swing regeneration occurs rapidly, thereby leading to
shorter cycle times and higher light gas productivity.5,7 For example, Golmakani et al.8
performed comparative simulations for H2 upgrading on both temperature-swing
adsorption (TSA) and pressure-swing adsorption (PSA) processes with zeolite 5A and
found that using PSA to shorten the total cycle times can enhance H2 productivity twofold
compared to TSA. These findings have also been validated in other studies,9–11 so it is
generally accepted that PSA separation over physisorbents is economically advantageous
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compared to TSA over chemisorbents. Nevertheless, the benefits of PSA can only be
reaped if an adsorbent with appropriate physiochemical properties is used. Therefore, the
adsorbent should be carefully selected to optimize its performance in PSA processes.
Within the past decade, some of the most studied physisorbents have been metalorganic frameworks (MOFs) because these materials have exceptionally textural properties
as well as tunable pore windows. Of the thousands of MOFs which have been reported,
MOF-74 (Ni) is an especially promising candidate for CO2/H2 separation because its large
micropore volume and negligible affinity towards H2 allow it store sizable quantities of
CO2 without compromising H2 recovery.12–14 Granted, powdered MOF-74 (Ni) needs to be
formulated into structured contactors before use in such processes to eliminate particle
scattering, improve column packing, and enhance mass transfer, which is not always a
straightforward task. Most often, MOFs have been formed into pellets with hydraulic
pressing because this process can be applied to any material and is simple to implement atscale.15,16 Unfortunately, however, this the versatility and rapid manufacturing benefits of
pelletization are offset by the resulting kinetic properties of pelletized adsorbents.
Specifically, pellet-packed adsorbent columns are known to impede fluid flow, leading to
slow mass transfer rates and high pressure drops.17,18 These issues can be addressed by
formulating MOFs into honeycomb monoliths, whose open-channel structures allow for
low-resistance fluid flow, enhanced transport from the adsorbate fluid to the adsorbent
surface (film transport), and reduced pressure drops.19,20 As such, there have been
considerable efforts to formulate MOF monolith adsorbents in recent years.
Formulating adsorbent monoliths has traditionally been performed with extrusion
and firing, where the adsorbent is bound to a putty, pressed through a mold, and fired to
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harden the final product. However, this technique cannot be applied to MOFs because the
firing step burns out the organic ligand and decomposes the crystallite. Moreover, the large
particle sizes and myriad of functional groups associated with MOF materials inhibit
binding to the inert components in extrudate putties, further limiting the ability to produce
MOF monoliths by direct hydraulic extrusion.21,22 Most recently, MOF monoliths have also
been formulated by 3D printing, where the adsorbent particles are bound within a paste to
inert components (e.g., bentonite clay, poly(vinyl) alcohol (PVA), methylcellulose) and
deposited in a layer-wise fashion on a moving platform to build a cohesive structure. Unlike
extrusion, this approach can be easily applied to most any MOF,23–27 allows for structural
hardening without the firing step, and imparts unprecedented control over the final
geometric design.24,26 In spite of these benefits, it is worth noting here that most reports on
MOF 3D printing have focused on material formulation and have paid little attention to
assessing the kinetic properties of these materials. Even in the handful of works which have
somewhat investigated this area, most studies have focused on single-breakthrough
experiments and have provided no insight into the relevant parameters that influence the
separation performance of 3D-printed MOF monoliths.23–25 From established literature on
conventionally structured adsorbents (e.g., extruded monoliths, pellets, granules, etc.),28–30
the most common variables worth considering are the i) adsorbate superficial velocity, ii)
adsorption pressure, iii) adsorption time, and iv) adsorbate feed composition. Given that
the effects of these variables on the separation performance of 3D-printed MOF monoliths
have never been studied, we embarked on an investigation that elucidates their impacts on
CO2/H2 separation performance over a 3D-printed MOF-74 (Ni) monolith.
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In particular, this investigation used a combination of breakthrough and cyclic
adsorption/desorption experiments to elucidate how the process heuristics of adsorption
kinetics, H2 purity, and H2 productivity for a 3D-printed MOF-74 (Ni) monolith are
influenced by the adsorption pressure, adsorbate superficial velocity, adsorption time, and
adsorbate feed composition. From the myriad of experiments, it was determined that the
kinetic mass transfer rate is slowed by co-feeding CO along with CO2 or by increasing the
adsorption pressure. It was also determined that increasing the adsorption pressure leads to
better H2 purity with lower productivity, whereas higher superficial velocities or adsorption
times increase H2 productivity and reduce H2 purity. Overall, this study provides
fundamental understanding into the factors which impact the kinetic and process
performances of 3D-printed MOF-74 (Ni) monoliths in CO2/H2 separation applications and
better develops 3D-printed adsorbent monoliths.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
The following materials were purchased from Sigma Aldrich and were used in their
acquired purities for the formulation of 3D-printed MOF-74 (Ni) monoliths: Ni(AC)2
.

4H2O (99%), 2,5-Dihydroxyterephthalic acid (98%), tetrahydrofuran (THF, ACS), ethanol

(EtOH, ACS), bentonite clay, and poly(vinyl) alcohol (PVA). All UHP gases were
purchased from Airgas.
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2.2. MONOLITH FORMULATION AND CHARACTERIZATION
MOF-74 (Ni) powder was synthesized using its well-established solvothermal
procedures31,32 and the monolith was printed using the approach outlined in our earlier
work.23 The characterization of the MOF-74 (Ni) monolith characterization, including Xray diffraction, N2 physisorption, and low pressure adsorption isotherms can also be found
in our earlier work.23 After printing, the monolith cell density was 200 cells per squared
inch (cpsi), its height was 0.6 cm, and its diameter was 1.5 cm. The sample weighed 1.2 g
and was used in all breakthrough and cyclic experiments.

2.3. HIGH-PRESSURE ADSORPTION ISOTHERMS
The high-pressure CO2 and H2 adsorption isotherms for the 3D-printed MOF-74
(Ni) monolith were collected from 0-10 bar at 25, 35, and 50 °C using a BELsorp HP gas
analyzer. Multiple temperatures were used when collecting the high pressure isothermal
capacities so that the heats of adsorption towards CO2 and H2 could be calculated, where
the heats of adsorption were approximated using the Clausius Clapeyron method.3 The
ideal adsorbed solution theory (IAST) method33 was used to calculate the CO2/H2
selectivity as a function of pressure at 25 °C from the adsorption isotherm datasets. The
sample was degassed under vacuum at 200 °C for 6 h before each adsorption isotherm.

2.4. MULTI-COMPONENT BREAKTHROUGH EXPERIMENTS
The kinetic performance of the 3D-printed MOF-74 (Ni) monolith was assessed
under four modes of operation to elucidate the effects of multiple species on CO2
adsorption behavior. The experiments were performed in our previously reported
breakthrough setup at 1 bar and 25 °C.34 The sample weight in these experiments was 1.5
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g. In mode one, 0.44 cm/s of pure CO2 was used. In mode two, 0.44 cm/s of 60% H2 / 40%
CO2 was used. In mode three, 0.33 cm/s of CO2 was flown alongside 0.11 cm/s of 20%
CO/80% H2. In mode four, 0.11 cm/s of CO2 was flown alongside 0.33 cm/s of 20%
CO/80% H2. The CO2/H2 and CO/H2 separation efficiencies (α) were calculated from the
breakthrough data using a method reported by Denayer and coworkers.35 Before each
breakthrough experiment, the monolith was degassed under 1.80 cm/s of He at 250 °C for
1 h. After cooling the column to 25 °C, the desired adsorbate was flown into the column
which was held at 1 bar adsorption pressure.

2.5. HIGH-PRESSURE CO2/H2 BREAKTHROUGH EXPERIMENTS
The high-pressure breakthrough experiments were conducted using a single
stainless-steel column with dimensions of 2.0 cm height by 2.0 cm inner diameter. A full
description of the breakthrough setup can be found in our earlier work,34 where the only
difference here was that the back pressure regulator was replaced with an automated
pressure controller (Alicat). Here, it should also be noted that the column void space was
packed with glass beads to prevent bypass. Before each experiment, the sample was
degassed under 1.80 cm/s of He at 250 °C for 1 h. Then, the column was cooled to 25 °C
and pressurized to the target breakthrough pressure (3, 5, or 10 bar) while keeping under
He flow. After achieving the target pressure, the desired superficial velocity of 40%
CO2/60% H2 was flown into the column. At each breakthrough pressure, the superficial
velocity of the mixture was varied from 0.44, 0.89, and 1.8 cm/s to systematically isolate
the impacts of sorbate flow and pressure on kinetic performance. The adsorbate flow was
allowed to continue until saturation of CO2 was observed on the breakthrough profiles. The
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approximate adsorption capacities were calculated from the breakthrough data by Equation
S1, Supporting Information.

2.6. CYCLIC ADSORPTION/DESORPTION EXPERIMENTS
The automated adsorption/desorption experiments were conducted across ten
cycles over a four-step cycle. As with the breakthrough experiments, 1.80 cm/s of He, the
inert gas, was used to degas the sample at 250 °C for 1 h prior to each experiment. A typical
four-step configuration was used for the cyclic adsorption/desorption experiments. The
dour-step cycle consisted of pressurization, adsorption, depressurization, and purge steps.
After initially degassing the column, He was replaced with 2.70 cm/s of H2 for the
pressurization and purge steps to better emulate realistic conditions, where the
nonadsorbing column is purged and pressurized by the purified off-gas. It should be noted
here that using pure H2 assumed that the process could achieve H2 purities of 100% and,
although this was not always the case, the H2 concentration was held constant to ensure
that the effects of pressure gradient, adsorption time, and sorbate superficial velocity on H2
purity and productivity could be isolated. In future studies, we will further explore the
performance of this material within multi-column systems where the regenerated column
is pressurized with the effluent stream from the saturated column. Here, however, the work
was solely focused on targeting the effects of pressure gradient, superficial velocity, and
adsorption time.
To this end, the adsorption pressure was varied between 3, 5, and 10 bar, where the
superficial velocity of 40% CO2/60% H2 was varied between 0.44, 0.89, and 1.8 cm/s at
each sorption pressure. At each combination of superficial velocity and adsorption
pressure, the adsorption time was also varied between 45, 60, and 120 seconds. Throughout
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all twenty-seven experiments, the depressurization step rate was held at 1 bar/min and the
purge step time was held at 75 seconds, however, the pressurization and depressurization
step times were adjusted as needed to account for the different times required for
pressurizing/depressurizing across different pressure gradients. Accordingly, the
pressurization times were 100, 180, and 300 seconds for the 3, 5, and 10 bar experiments,
respectively, whereas the depressurization step times were 200, 300, and 600 seconds,
respectively. A full list of the experimental conditions used for the cyclic experiments is
outlined in Table S1, Supporting Information. The gathered data was used to calculate H2
purity and productivity during the adsorption. The equations used for H2 purity and
productivity are located in Eq. S2 and Eq. S3, Supporting Information, respectively.

3. RESULTS AND DISCUSSION

3.1. HIGH-PRESSURE ADSORPTION ISOTHERMS
The high-pressure adsorption isotherms were collected from 0-10 bar at 25, 35, and
50 °C for both CO2 (Figure 1a) and H2 (Figure 1b). The corresponding IAST CO2/H2
selectivity at 25 °C was calculated from the adsorption isotherms, as shown in Figure 1c.
Here, it should be noted that the selectivity was only calculated at 25 °C, as this temperature
was used in the breakthrough and cyclic experiments and is the standard operating
temperature for CO2/H2 separation. Besides, the near-zero H2 adsorption at 35 and 50 °C
led to an infinite CO2/H2 selectivity at those temperatures, which was not statistically
meaningful. As can be seen, the monolith adsorbed most of its CO2 between 0-1 bar, which
was unsurprising given that MOF-74 (Ni) is generally considered for CO2 adsorption at
pressures of 1 bar or less.12,13,23 Granted, the sample still displayed a reasonably high
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increase in CO2 adsorption above 1 bar, so using elevated adsorption pressures to separate
CO2 and H2 could still be considered advantageous. Such benefits were especially
pronounced regarding the CO2/H2 selectivity (Figure 1c), as the sample became
increasingly more selective towards CO2 as the pressure was elevated. As such, the
monolith was expected to display good separation of CO2 and H2 at all pressures, where
elevating the adsorption pressure was predicted to increase H2 purity due to the
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Figure 1. Adsorption isotherms from 0-10 bar at 25, 35, and 50 °C for (a) CO2 and (b) H2
as well as (c) corresponding IAST CO2/H2 selectivity at 25 °C.

On the other hand, it should also be noted here that the CO2 adsorption capacity of
the monolith was less than that for the parent powder at 10 bar (9.0 vs 3.6 mmol/g,
respectively).14 Notably, our earlier work suggested that the 3D-printed MOF-74 (Ni)
monolith should have an adsorption capacity that is consistent with the 85 wt.% MOF
loading. 23 However, our earlier study also indicated that the monolith’s pore volume was
reduced slightly from the powder loading. This likely explains the loss in CO2 adsorption
capacity from the printed monolith relative to the parent powder. As for why the losses
were only observed when P > 1 bar, this can likely be explained in terms of the driving
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forces that cause adsorption to occur. Namely, at lower pressure the adsorbate retention in
the adsorbent pore is more dependent on electrostatic interactions between the adsorbate
wall and the sequestered gas. On the other hand, elevating the applied pressure compresses
the gas deep within the pore window and causes the adsorption capacity to become more
dependent on the free volume of the material.36,37 Hence, the reduced textural properties
relative to the MOF loading only prompted noticeable reductions in CO2 adsorption
capacity relative to the 85 wt.% powder loading at elevated adsorption pressures.
The CO2 heat of adsorption data for 3D-printed MOF-74 (Ni) was calculated using
the Clausius Clapeyron method from the adsorption isotherms and is compared to other
materials used for CO2/H2 separation in Table 1. As can be seen, the heat of CO2 adsorption
was slightly less than that for the parent powder. This was not surprising given that i) the
printed monolith was not comprised of 100% MOF and the inert components should not
produce any thermal contribution and ii) given that the adsorption capacities of the
monolith were less than the parent powder, so the resulting heat of adsorption should also
be less. Respective to other benchmark materials, the heat of CO2 adsorption in the MOF74 (Ni) monolith was less than zeolite 13X but slightly greater than activated carbon. In
other words, the heat of CO2 adsorption was within an acceptable range for other CO2/H2
benchmark

adsorbents,

indicating

that

the

monolith

could

be

considered

thermodynamically efficient. Regarding H2, it should be noted here that the zero H2
adsorption at 35 °C and 50 °C prevented the heat of adsorption from being accurately
calculated from the Clausius Clapeyron method. Nevertheless, assuming that the
differences in the heat of H2 adsorption between the monolith and powder were comparable
to those for CO2, then the heat of H2 adsorption could be approximated as ~12 kJ/mol.
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Notably, the heat of H2 adsorption was higher than other benchmarks, however, this was
to be expected as it is well-known that H2 adsorption on MOF-74 (Ni) is not
thermodynamically favorable. This being stated, because MOF-74 (Ni) is not selective
towards H2 anyhow, any heat stemming from light gas adsorption should be miniscule.
Therefore, the MOF-74 (Ni) monolith was concluded to have acceptable thermodynamic
properties for use in CO2/H2 separation processes.

Table 1. Heats of CO2 and H2 adsorption for various porous materials.
ΔHads.
(kJ/mol)
MOF-74 (Ni)
CO2
22.4
(3D-Printed Monolith)
H2
12.0*
MOF-74 (Ni)
CO2
25-30
(Powder)
H2
13.0
CO2
31.6
Zeolite 13X
H2
9.5
Activated Carbon
CO2
20.9
H2
7.6
*Denotes approximated value.
Sample

Gas

Ref.
This work
This work
38
39
40
40
40
40

3.2. MULTI-COMPONENT BREAKTHROUGH EXPERIMENTS
The kinetic performance of the 3D-printed MOF-74 (Ni) monolith was assessed
under different CO/CO2/H2 feed compositions at 1 bar and 25 °C as shown in Figure 2. As
shown in Figure 2a, there were clear differences in the kinetic rate of adsorption across the
various breakthrough modes. Looking first at the effect of H2 (modes 1-2), the CO2
wavefront appeared later in mode 2 compared to mode 1. This was not surprising because
the total flowrate of CO2 in the H2/CO2 mixture in mode 2 was less than the flowrate of
pure CO2 in mode 1. Hence, the adsorbent monolith saturated faster in mode 1 because it
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was exposed to the same amount of CO2 at a faster rate compared to mode 2. However,
this did not explain the differences in wavefront width (e.g., t95%-t5%) that were present
between the two modes, where the wavefront in mode 2 was twice as wide as the wavefront
in mode 1. Our earlier work indicated that this broadening coincides with slower rates of
molecular diffusion within the 3D-printed monolith intraparticle macropores, so this
broadening suggested that introducing H2 inhibited the rate of CO2 diffusion. 34 However,
it is worth noting here that He was used for initial degassing and was still present in the
column when the adsorbate mixture was introduced. Given that H2 diffusion through He is
known to be extremely slow, due to the similarly small molecular diameters of the two
species, it is inevitable that H2/He diffusion influenced the rate of CO2 adsorption to some
degree.41 This was further supported by Figure 2b where the H2 wavefront widths were
comparable across modes 2-4. Therefore, the slowed CO2 diffusion in the presence of H2
was likely a byproduct of slow H2 diffusion through He and it could not be said for certain
how H2 influenced the kinetic rate of CO2 adsorption.
Meanwhile, the effects of CO concentration on the rate of CO2 adsorption could be
concluded with more certainty. Specifically, in mode 3 – where CO was present in low
concentration – the breakthrough width was nearly identical to that for mode 2, where CO
was entirely absent. Effectively, this indicated that modes 2-3 gave rise to similar rates of
CO2 adsorption. In contrasts, further elevating the CO concentration in mode 4 produced a
threefold increase in breakthrough width compared to mode 3, indicating that the kinetic
rate of CO2 adsorption was significantly reduced. While it may be argued that this
broadening was caused by the lower CO2 superficial velocity, the differences in the
wavefronts for modes 1-2 dispute this notion. Namely, modes 1-2 indicated that reducing
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the CO2 superficial velocity should cause the front to appear later but retain a similar width.
Indeed, this explained the delayed breakthrough time for the mode 4 wavefront, but did not
account for the considerable wavefront broadening. Regarding this change, it can be
reasonably stated that elevating the CO concentration in mode 4 led to substantial
reductions in the rate of CO2 adsorption. Knowing that such broadening coincides with
reduced adsorbate diffusion through the monolithic macropore structure,34 it could be
reasonably deduced that the slower diffusional rate stemmed from competing CO/CO2
adsorption on the outermost micropores of the printed structure. In particular, these effects
suggested that CO saturated the outermost pores first instead of CO2, thereby leading to
additional CO2 adsorption occurring deep within the monolith structure. Given that this
step is known to be quite slow, the CO2 broke through the column before completely
saturating the monolith. Therefore, it was concluded from Figure 2 that 3D-printed MOF74 (Ni) monoliths display reduced kinetic CO2/H2 separation performance when CO is
present due to competitive adsorption between the two heavier species.
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Figure 2. Breakthrough profiles of (a) CO2, (b) H2, and (c) CO under different feed
compositions over a 3D-printed MOF-74 (Ni) monolith at 25 °C, 1 bar, and 0.44 cm/s
total superficial velocity.
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Table 2. Summary of conditions and breakthrough data from multi-component
experiments over a 3D-printed MOF-74 (Ni) monolith at 1 bar and 25 °C.
Mode

1
2
3

4

Feed
(Composition)
CO2
(100%)
H2/CO2
(60%/40%)
H2/CO
(80%/20%)

U
(cm/
s)
0.44
0.44
0.11

Gas

q5%
(mmol
/g)
2.6

αCO2/

αCO/

H2

H2

220

t95%t5%
(sec)
110

--

--

180
10
150
15

400
170
270
130

220
160
120
115

1.9
0.2
1.0
0.1

-14.3
-7.7

---40

t5%
(sec)

t95%
(sec)

CO2

100

CO2
H2
CO
H2

CO2
(100%)
H2/CO
(80%/20%)

0.33

CO2

190

330

140

2.9

--

--

0.17

CO
H2

105
10

300
160

195
150

1.9
0.2

-5.0

-4.2

CO2
(100%)

0.27

CO2

320

700

380

2.0

--

--

The results from the different breakthrough modes are summarized in Table 2.
Here, it should be noted that the CO2 adsorption capacity (e.g., q5%) in mode 1 was
comparable to the pure CO2 adsorption capacity at 1 bar from Figure 1a, indicating that the
monolith did not experience significant losses in adsorption capacity between the static and
kinetic experiments. However, it should be noted here that the differences in q5% for CO2
across modes 1-3 likely stemmed from the slow H2/He diffusion to some degree, so most
of the discussion of Table 2 is focused on the CO2/H2 separation efficiencies (i.e., αCO2/H2).
Regarding the separation efficiency, it is clear that the separation efficiency decreased as
the CO concentration was elevated. This was even true under mode 3, where the CO
concentration was not very high. Harkening back to the previous discussion, this result
indicated that, even when CO is only present in a small amount, it competes with CO2 for
adsorption over MOF-74 (Ni). The separation efficiency continued to decrease as the CO
concentration was elevated, as evidenced by the nearly 40% reduction in αCO2/H2 that
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occurred between modes 3 and 4. This result confirmed the notion from Figure 2 which
indicated that increasing the CO concentration slowed the rate of CO2 adsorption, further
evidencing that lower CO concentrations are desirable in optimizing the CO2/H2 separation
performance of 3D-printed MOF-74 (Ni) monoliths.

3.3. HIGH-PRESSURE BREAKTHROUGH EXPERIMENTS
The dynamic CO2/H2 separation behavior of the MOF-74 (Ni) monolith was
assessed at 3, 5, and 10 bar. The CO2 and H2 concentration profiles at the various sorption
pressures and superficial velocities are shown in Figure 3 and the corresponding
breakthrough data is contained in Table S2, Supporting Information. Looking first at the
effect of adsorbate superficial velocity, the breakthrough wavefronts indicated that the best
CO2/H2 separation was observed at 0.44 cm/s at 3 (Figures 3a-3b), 5 (Figures 3c-3d) and
10 bar (Figures 3e-3f). Namely, the concentration profiles indicated that the time between
CO2 and H2 wavefronts broke through closer together as the adsorbate superficial velocity
was increased. This result was not surprising as slowing the superficial velocity of the
adsorbate also slows the rate of monolith saturation with CO2, thereby extending the time
between breakthrough of the CO2 wavefronts. Regarding the cyclic adsorption/desorption
performance of the monolith, these effects should decrease H2 purity at higher superficial
velocity and adsorption time, as reducing the space between the CO2 and H2 wavefronts
requires more precise timing of the adsorption step to prevent CO2 bypass into the effluent
light component stream. However, the breakthrough wavefronts indicated that increasing
the adsorption pressure can address this issue as the degree of CO2/H2 wavefront separation
increased upon increasing the pressure from 3 to 5 bar as well as from 5 to 10 bar.
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Figure 3. Breakthrough profiles of CO2 (left) and H2 (right) over a 3D-printed MOF-74
(Ni) monolith at (a-b) 3, (c-d) 5, and (e-f) 10 bar with 0.44-1.80 cm/s superficial
velocities of 60% H2/40 % CO2.

For example, at 3 bar and 0.44 cm/s, t5% for CO2 and H2 was 184 and 45 seconds,
respectively, which is a difference of 139 seconds.Upon increasing the pressure to 5 bar at
the same superficial velocity, the difference in t5% for CO2 and H2 increased to 151 seconds,
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whereas the difference in t5% increased to 303 seconds when P = 10 bar. This improved
separation can be explained by literary computational fluid dynamic (CFD) studies where
increasing the fluid pressure has been shown to increase fluid turbulence around the
monolith structure. As a result, the heavy gas velocity through the adsorbent column is
slowed, leading to better contact with the monolith and enhanced separation from the light
species.

42–44

Hence, separation of the CO2 and H2 wavefronts improved as the pressure

was elevated. In this regard, it was concluded from Figure 3 that, although increasing the
superficial velocity decreases the degree of CO2 and H2 separation, increasing the
adsorption pressure can address this issue. In turn, this should yield reduced CO2 bypass
into the light component stream and enhanced H2 purity as the adsorption pressure is
increased.

3.4. CYCLIC ADSORPTION-DESORPTION EXPERIMENTS
The H2 purities as a function of sorption pressure, superficial velocity, and sorption
step time from the cyclic adsorption/desorption experiments are shown in Figure 4. At 3
bar (Figure 4a) and 5 bar (Figure 4b) adsorption pressures, the H2 purity decreased steadily
upon elevating both adsorption time and superficial velocity. At 10 bar (Figure 4c),
however, only increasing the adsorption time reduced the H2 purity, whereas increasing the
superficial velocity prompted only minor reductions. These trends agreed with our
breakthrough data, which indicated that the 3D-printed monolith became more effective at
separating CO2 from H2 at higher adsorption pressures. Specifically, the breakthrough
experiments indicated that increasing the adsorption pressure reduced the adsorbate
flowrate around the monolith, thereby promoting better separation of CO2 from H2. In this
way, the H2 purity became less dependent on the adsorbate superficial velocity as the
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pressure was increased, especially at 10 bar where nearly 100% pure H2 was observed even
at 1.80 cm/s superficial velocity. However, this benefit was offset when the adsorption time
was too long as a 120 second adsorption time at 10 bar with 1.80 cm/s superficial velocity
prompted CO2 led bypass into the effluent H2 stream and reduced light component purity.
As such, a 45-60 second adsorption time was considered optimal regarding H2 purity,
depending on which combination of superficial velocity and adsorption pressure was used.
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Figure 4. H2 purities as a function of superficial velocity at (a) 3, (b) 5, and (c) 10 bar
adsorption pressures over a 3D-printed MOF-74 (Ni) monolith at 25 °C.

Another heuristic which must be considered when optimizing the cyclic
adsorption/desorption performance of an adsorbent is the off-gas productivity, given that
an adsorbent that achieves highly pure effluent streams can still be considered ineffective
for gas separation processes if its output is sufficiently low. Ergo, the H2 productivity per
hour was also calculated from the cyclic data, as shown in Figure 5. As apparent, the H2
productivity was heavily influenced by the adsorption pressure, where increasing the
pressure gave rise to reductions in H2 productivity. For example, increasing the adsorption
pressure from 3 (Figure 5a) to 5 bar (Figure 5b) as well as from 5 to 10 bar (Figure 5c)
decreased the H2 productivity regardless of the superficial velocity. This was not surprising
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because increasing the adsorption pressure also lengthened the times required for
pressurization and depressurization, which should lead to reductions in H2 productivity per
hour. However, as previously noted, the H2 purity improved at higher adsorption pressure,
so it is important to balance these heuristics.
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Figure 5. H2 productivities as a function of superficial velocity at (a) 3, (b) 5, and (c) 10
bar adsorption pressures over a 3D-printed MOF-74 (Ni) monolith at 25 °C.

In this regard, Figures 4-5 indicate that using an adsorption time of 60 seconds, an
adsorption pressure of 10 bar, and an adsorbate superficial velocity of 1.80 cm/s produced
the balance of H2 purity and productivity, as this set of conditions achieved nearly 100%
H2 purity with a higher H2 productivity than literary benchmarks.

45,46

Granted, it should

be noted that the literary H2 productivities are typically in the range of 1.4-1.9 mmol
H2/h.gmonolith at a superficial velocity of ~0.5 cm/s. 45–47 These values are substantially lower
than what was achieved by the printed MOF-74 (Ni) monolith, which likely be attributed
to the small amount of sample used in these experiments. Hence, the cyclic
adsorption/desorption experiments cannot be considered a true representation of the PSA
performance of 3D-printed MOF-74 (Ni) monoliths. Nevertheless, the dataset presented
here can act as a guideline to start large-scale optimization of these materials, as the cyclic
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adsorption/desorption experiments indicated that 3D-printed MOF-74 (Ni) monoliths
display their best CO2/H2 separation performance with high pressures, short adsorption
times, and high superficial velocities.

4. CONCLUSIONS

To date, kinetic assessment of 3D-printed adsorbent monoliths, especially 3Dprinted MOF monoliths, has been scarce. Hence, in this study we further developed 3Dprinted MOF-74 (Ni) monoliths by systematically varying the parameters of adsorption
time, sorbate superficial velocity, and adsorption column pressure to elucidate their effects
on H2 purity and productivity in CO2/H2 separation processes. At the same time, we also
varied the CO/CO2/H2 concentration to assess how the feed composition influences the
CO2/H2 separation performance of MOF-74 (Ni) monoliths. From the various
breakthrough experiments, it was determined that increasing the CO concentration or
increasing the adsorbate superficial velocity reduce the kinetic separation performance,
whereas increasing the adsorption pressure enhances separation of the CO2 and H2
wavefronts. Applying this knowledge to the cyclic adsorption/desorption experiments, it
was determined that increasing the adsorbate superficial velocity or lengthening the
adsorption time both reduced H2 purity when the pressure was low, but had lesser influence
on H2 purity when P = 10 bar. At the same time, increasing the adsorbate superficial
velocity and adsorption time also enhanced H2 productivity, whereas elevating the
adsorption pressure prolonged the cycle times and reduced H2 productivity. Nevertheless,
balancing the heuristics of H2 purity and recovery indicated that the best performance was
achieved at 10 bar pressure, 60 second adsorption time, and 1.80 cm/s superficial velocity
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where the monolith still maintained nearly 100% H2 purity as well as 18.0 mmol
H2/h.gmonolith productivity. While this condition may not have represented the true PSA
performance of 3D-printed MOF-74 (Ni) monoliths in CO2/H2 PSA separation processes,
the dataset did provide a general rule of thumb for optimizing the performance of this
material. Namely, this study indicated that 3D-printed MOF-74 (Ni) monoliths perform the
best for CO2/H2 separation processes under low CO concentration, with high pressure, low
superficial velocity, and short adsorption times. As such, this study provided fundamental
insight into the process performance of 3D-printed MOF-74 (Ni) monoliths for CO2/H2
separation.
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SUPPORTING INFORMATION

Table S1. Summary of conditions used for cyclic adsorption/desorption experiments.
Adsorption
Pressure
(bar)

Adsorbate
Superficial
Velocity
(cm/s)

Pressurization
Step Time
(sec)

Adsorption
Step Time
(sec)

Depressurization
Step Time
(sec)

45
60
0.44
120
45
3 bar
100
60
200
0.89
120
45
1.80
60
120
45
60
0.44
120
45
60
5 bar
0.89
180
300
120
45
60
1.80
120
45
60
0.44
120
45
60
10 bar
0.89
300
600
120
45
60
1.80
120
*Purge step time = 75 sec; *H2 pressurization/purge superficial velocity = 2.7 cm/s
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The approximate adsorption capacities were calculated from the breakthrough data
using the following equation:

qi =

Patm  t i  QCO2/H2 1000 mmol 1 L 1 min 1 mol
Pads 1000 mL  60 sec 1.2 g adsorbent  22.4 L

(Eq. S1)

Where ti, and QCO2/H2 are the breakthrough time of CO2 or H2 at the desired percentage of
saturation (5 or 95%) and the volumetric adsorbate flowrate, respectively. Here, it should
be noted that the superficial velocities of 0.44 cm/s, 0.89 cm/s, and 1.8 cm/s equated to 50,
100, and 200 mL/min, respectively. Patm is the atmospheric pressure (1 bar) and Pads is the
adsorption column pressure, where these terms arise from correcting for the volumetric
compression that occurs in pressurizing the adsorbate mixture. The factor of 22.4 L/mol
arises from assuming ideal gas behavior.
The H2 purity and productivity were calculated similar to the method reported by
Delgado et al.1 The CO2 and H2 purity were calculated by first normalizing the respective
mass spectrometry profiles with respect to one across all ten adsorption/desorption cycles.
The normalized signals versus time of H2 and CO2 were then summed across the entire
process to provide an approximate signal versus time which was assumed to be
proportional to the total number of moles present in the system. The signal for each species
at time t was then divided by the total signal at time t to approximate the component mole
fractions as a function of time. This approximation can be denoted as follows:

XH 2

t

=

H2

t

H 2 t + CO2

*100%

(Eq. S2)

t

Where H2 and CO2 evaluated at time t are the normalized H2 and CO2 mass
spectrometry profiles gathered from the adsorption/desorption data, while XH2 is the
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approximate mole fractions of hydrogen and at any given time in the ten cycle process. XH2
was multiplied by 100% to acquire the H2 purity.
The H2 productivity was calculated by Eq. S3. When calculating the H2
productivity, it was assumed that no H2 was adsorbed on the sample during the adsorption
step (e.g., 100% H2 recovery), which was a reasonable assumption given that the high
pressure adsorption isotherms indicated nearly 100% selectivity towards CO2 over H2 and
the breakthrough experiments indicated minimal H2 retention at all three pressures.

H 2 Productivity (

1 min  t ads  0.6QCO2/H2 1 L 1mol 1000 mmol  3600 sec  Patm (Eq. S3)
mmol H 2
)=
h  g monolith
60 sec 1000 mL  22.4 L  Pads 1 mol 1.2g monolith  t cycle 1 h

Where tads, QCO2/H2, tcycle, Patm, and Pads are the adsorption step time (sec), volumetric
adsorbate gas flowrate (mL/min), cycle time (sec), atmospheric pressure (1 bar) and
adsorption step pressure (bar), respectively. The factor of 22.4 L/mol arises from assuming
ideal gas behavior, whereas the other various numerical constants arise from converting
the different constants into the desired units of mmol/h.gmonolith. The pressure term in the
denominator arises from correcting the volume expansion which occurred between the
high-pressure adsorption column and the low pressure MFM outlet.
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Table S2. CO2/H2 breakthrough data over a 3D-Printed MOF-74 (Ni) monolith at 3 bar
and 25 °C.
Gas

Pressure
(bar)

CO2

3

H2

3

CO2

5

H2

5

CO2

10

H2

10

U
(cm/
s)

t5%
t95%
(sec) (sec)

t95%t5%
(sec)

q5%
(mmol/
g)

q95%
(mmol/
g)

0.44
0.89
1.80
0.44
0.89
1.80
0.44
0.89
1.80
0.44
0.89
1.80
0.44
0.89
1.80
0.44
0.89
1.80

184
90
39
45
30
11
240
130
54
89
58
25
390
211
100
87
100
50

156
94
44
135
58
25
190
116
59
152
68
28
375
189
85
331
119
50

1.9
1.9
1.6
0.5
0.6
0.5
1.5
1.6
1.4
0.5
0.7
0.6
1.2
1.3
1.2
0.3
0.6
0.6

3.5
3.8
3.4
---2.7
3.0
2.8
---2.4
2.5
2.3
----

340
184
83
179
88
36
430
246
113
241
126
53
765
400
185
418
219
100

CO2/H2
selectivity
(mmol CO2
/ mmol H2)
7.0
6.3
6.8
---5.4
4.3
4.7
---8.0
4.2
3.8
----

αCO2/
H2

10.5
9.5
10.2
---8.1
6.4
7.0
---12.0
6.3
5.8
----

REFERENCES

(1)

Delgado, J. A.; Águeda, V. I.; Uguina, M. A.; Brea, P.; Grande, C. A. Comparison
and Evaluation of Agglomerated MOFs in Biohydrogen Purification by Means of
Pressure Swing Adsorption (PSA). Chem. Eng. J. 2017, 326, 117–129.
https://doi.org/10.1016/j.cej.2017.05.144.

254

VIII. ASSESSMENT OF 3D-PRINTED ACTIVATED CARBON MONOLITHS
FOR PSA SEPARATION OF CARBON DIOXIDE AND METHANE
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ABSTRACT

Structuring adsorbent monoliths by 3D printing has gathered considerable
attention, however, few works have assessed the process performances of these materials.
This study betters the understanding in this area by assessing the factors which influence
the pressure-swing adsorption (PSA) performance of 3D-printed activated carbon
monoliths. Specifically, we varied the i) adsorbate superficial velocity (1.40 – 2.30 cm/s of
60% CH4/40% CO2), ii) adsorption pressure (3 – 10 bar), and adsorption time (2.5 – 10
minutes) over a bed packed with 3D-printed activated carbon monoliths to determine how
these parameters influence CH4 purity, recovery, and productivity. Increasing both the
adsorbate velocity and the adsorption time enhanced CH4 recovery and productivity,
however, elevating these parameters also led to more CO2 bypass and lower CH4 purity.
Meanwhile, increasing the adsorption pressure enhanced the CH4 purity under all
conditions, but also reduced the CH4 recovery and productivity by way of increased CH4
adsorption and longer cycle times. Balancing the three process heuristics revealed that the
best performance was achieved at 3 bar, 1.4 cm/s superficial velocity, and 5 min adsorption
time. Under these conditions, the packed bed generated 100% CH4 purity, 38% CH4
recovery, and 2.3 mmol CH4/h.gmonolith productivity, which was comparable to the
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performance of other benchmark adsorbents. However, probe gas experiments revealed
that using 3D-printed adsorbent monoliths can be advantageous over conventionally
structured adsorbents, as it was determined that packing an adsorbent column with the
printed monoliths reduces the systematic pressure losses by 60% compared to columns that
are packed with 1.5 mm commercial beads. As such, this study indicated that printed
adsorbent monoliths can display comparable PSA performances to commercial
benchmarks whilst also reducing energy requirements.
Keywords: Activated carbon, 3D printing, pressure-swing adsorption, CO2/CH4 separation

1. INTRODUCTION

Over the past decade, CH4 has gathered more attention as an alternative fuel source
due to its high concentration in shale deposits, large natural abundancy, and low cost. One
way to extract CH4 shale deposits is to use hydraulic fracturing with CO2, whereby the inert
gas is forced into the shale reserves at high pressure to displace the natural gas towards the
surface.(Middleton et al., 2014) This process can rapidly generate high quantities of natural
gas, however, using CO2 as the fracturing agent causes the gas to become highly
concentrated in the recovered CH4 product stream which reduces the fuel density.
(Aranzabal et al., 2010; Zhang et al., 2013) Therefore, separating CO2 from CH4 is an
important aspect in maximizing the combustion potential of natural gas fuel sources. These
separations have traditionally been performed with amine scrubbing where the CO2 is
bubbled through aqueous amine columns and covalently tethered to NHx with the
carbmation reaction.(Gelles et al., 2019a; Habib et al., 2016; Kenarsari et al., 2013)
Nevertheless, amine scrubbing has drawn significant criticism because i) regenerating the
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amines incurs high energy costs, ii) the caustic amines degrade the steel columns and drive
up equipment expenditures, and iii) disposing of the spent amines generates a great deal of
chemical runoff.(Gelles et al., 2019a; Rao and Rubin, 2002; Romeo et al., 2008; Shakerian
et al., 2015) Given these flaws, new methods of separating CO2 from CH4 have been
developed over the past few decades.
One alternative to amine scrubbing for CO2/CH4 separation that has garnered
significant attention in recent years is adsorption technology. By this process, the heavy
component (e.g., CO2) is captured using a porous medium while the light component (e.g.,
CH4) bypasses the adsorption column and is recovered downstream at higher purity. One
facile way of implementing adsorption for CO2/CH4 separation is to use pressure-swing
adsorption (PSA), whereby the adsorbing column is pressurized to force the CO2 into the
adsorbent pore and then depressurized to regenerate the adsorbent. This technique is an
especially promising way to separate CO2/CH4 mixtures because it does not corrode the
process equipment, achieves exceptional long-term stability, and can be precisely tuned to
maximize CH4 purity, recovery, and productivity. For example, Rodrigues and coworkers
(Cavenati et al., 2006) assessed zeolite 13X for the layered pressure-swing adsorption
(PSA) separation of CO2, CH4, and N2, where they reported 89% CH4 purity and 66%
recovery. In another study, Shang et al.(Shang et al., 2020) assessed potassium exchanged
chabazite for PSA separation of CO2/CH4, where they reported nearly 100% CH4 purity
and recovery during the adsorption step. Granted, while PSA has been successfully
employed for CO2/CH4 separation processes, it is worth noting here that maximizing the
performance of this approach is dependent heavily on selection of the adsorbent material.
Namely, the adsorbent micropore volume should be sufficiently high to abate large
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quantities of CO2, whereas the pore diameter should lie within a range that it allows for
CO2 adsorption without competitive CH4 adsorption. Otherwise, the CH4 recovery and
cyclic productivity will not be high enough to compete with conventional amine scrubbing
technology. Hence, selecting the adsorbent material is an important aspect in optimizing
PSA process performance.
To date, some of the most extensively explored materials for PSA separation of
CO2/CH4 mixtures have been zeolites (e.g., crystalline aluminosilicates) and activated
carbon.(Cavenati et al., 2006; Habib et al., 2016; Mofarahi and Gholipour, 2014; R. P.
Ribeiro et al., 2008) Between these, activated carbon is especially attractive for CO2/CH4
separations, given that i) its physiochemical properties (i.e., pore diameter, pore volume
and surface area) can be systematically modified via adjustment of the pyrolysis conditions
to facilitate high CO2 adsorption and low CH4 selectivity and ii) it can be generated from
agricultural waste products (corn husk, soy hull, etc.) which allows undesirable materials
to be transformed into marketable commodity chemicals. (Choi et al., 2009; Far et al.,
2021) Besides, another benefit of activated carbon is that they experience more CO2
adsorption at higher pressures and low adsorption at low pressure, which allows them to
be efficiently generated by a simple pressure-swing. Given these benefits, activated carbon
has been extensively researched for PSA separation processes, including CO2/CH4
separation processes. Nevertheless, one of the key challenges associated with adsorbent
materials is the need to form them into structured contactors to prevent particle scattering,
improve mass transfer, and enhance column packing. This is not always a straightforward
endeavor and a considerable amount of research and development has been focused on this
aspect of adsorption technology in recent years.
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Traditionally, adsorbent materials have been formed into geometric structures using
hydraulic pelletization, whereby the adsorbent is pressed inside of a pellet mold to induce
intraparticle binding and generate a robust structure.(Rezaei and Webley, 2012) This
technique has been used a great deal in industry because it is simple, can be applied to any
adsorbent, and allows for high manufacturing output. However, packing columns with
adsorbent pellets causes resistances to fluid flow, thereby giving rise to high systemic
pressure losses and poor mass transfer properties. (Liu et al., 2011; Rezaei and Webley,
2010, 2009) As another issue, the high pressures used to induce intraparticle binding cause
interpenetration of the adsorbent particles, leading to further reductions in adsorbate mass
transfer within the structural macropores as well as reduced adsorption capacities.(Gelles
et al., 2019b; Ye et al., 2015) Because these issues are fundamental aspects of pelletized
adsorbent materials, considerable attempts have been made to formulate alternative
geometries in efforts of improving the process performances of structured adsorbent
materials. For example, adsorbents have also been formulated into honeycomb monoliths,
whose open channel structures impart lower resistances to fluid flow and enhanced mass
transfer kinetics relative to pelletized geometric designs. (Rezaei and Webley, 2010, 2009;
Stuecker et al., 2004)
Formulating adsorbents into monolithic contactors has historically been
accomplished using extrusion techniques, whereby the adsorbent is adhered to a putty,
hydraulically pressed into the desired shape, and fired at high temperature to harden the
final ceramic. While this technique does incur the advantages of high output and simple
scalability, a key drawback of extrusion technology is that pre-machined molds are used to
shape the extrudate structure. As such, new molds must be machined whenever the
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adsorption column dimensions are modified, which drives up equipment and labor costs.
As another issue, extrusion is only capable of formulating simple geometric shapes with
continuous structures, such as continually channeled honeycombs, trilobes, or cylinders.
This is problematic from an industrial standpoint because adjusting the geometric design
of the structured adsorbent is a recognized means of enhancing various mass transfer
properties. As another example, Stuecker et al. (Stuecker et al., 2003) performed
computational fluid dynamic (CFD) studies on structured monoliths and found that
monoliths with continual channels impart lesser turbulence compared to monoliths with
stacked layers, leading to better mass transfer in the latter geometric design. Granted, that
work was focused on catalysis, however, Claessens et al. (Claessens et al., 2020)
formulated wall-less ZIF-8 structures with interconnected channel structures and
confirmed that offsetting the adsorbent layers leads to enhanced mass transfer rates in
butanol adsorption processes. Notably, these complex geometric designs can only be
performed using 3D printing technology, as this approach allows the monolith design to be
digitally rendered and can generate geometric structures that are not possible via extrusion.
In fact, adsorbent 3D printing has become an extensively developed area of material
science research, having been applied to zeolites, metal-organic frameworks, aminosilica,
and activated carbon adsorbents. (Claessens et al., 2020; Lawson et al., 2021; Magzoub et
al., 2021; Steldinger et al., 2019; Thakkar et al., 2018, 2017)
When formulating an adsorbent by 3D printing, the adsorbent material is generally
structured by direct ink writing, whereby the pre-synthesized particulate is bound to an
inert agent to form a paste, deposited in the XYZ plane on a build platform, and hardened
to generate the final structure. As previously noted, this technique has been extensively
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applied to many adsorbent materials within the past six years, so 3D printing can be
considered a well-recognized pathway of formulating structured adsorbents. However, the
development of 3D-printed adsorbents can be divided into three aspects: i) initial material
formulation, ii) kinetic assessment of 3D-printed adsorbents, and iii) process assessment
of 3D-printed adsorbents. Between these, the material formulation aspect has been
explored to the greatest extent, which is not surprising given that this area of material
science is relatively new technology and the first step in developing adsorbent 3D printing
requires successfully devising pathways of printing the materials. However, given that
most work has focused on the material formulation aspect, assessing the kinetic and process
performances of 3D-printed adsorbent monoliths has been neglected. Granted, there have
been some studies which have aided in understanding the kinetic properties of 3D-printed
adsorbent monoliths, (Lawson et al., 2021, 2020b, 2020a) however, there has been very
little work done regarding how printed adsorbent monoliths perform in PSA processes. To
this end, it is important to systematically vary multiple PSA process variables to
fundamentally understand how 3D-printed adsorbent monoliths behave in real cyclic
processes. From literature, some of the most important PSA variables worth considering
are the i) adsorption pressure, ii) adsorbate superficial velocity, and iii) adsorption time as
these parameters directly relate to the process heuristics of light gas purity, productivity,
and recovery.(Al-Janabi et al., 2018; Divekar et al., 2021; Lopes et al., 2011)
Motivated by the need to further develop 3D-printed adsorbents for gas separation
processes, this study performs an in-depth PSA assessment of 3D-printed adsorbent
monoliths for CO2/CH4 separations. Specifically, this work systematically varied the
adsorption pressure (3-10 bar), adsorbate superficial velocity (1.40-2.30 cm/s), and
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adsorption time (2.5-10 minutes) over a bed packed with 3D-printed activated carbon
monoliths in efforts of relating these parameters to the process heuristics of CH4 purity,
recovery, and productivity. At the same time, temperature profiles were also collected to
compare the monolith’s thermodynamic properties to current benchmarks. Finally,
pressure drop analyses were conducted over monoliths with 200, 400, and 600 cells per
squared inch (cpsi) as well as with 1.5 mm commercial beads to provide the first
experimental comparison of the pressure losses incurred by printed adsorbent monoliths
relative to conventional geometric structures. Overall, this study is the first of its kind since
it both evaluates the PSA separation performance of 3D-printed adsorbent monoliths and
assesses the energetic properties of these materials. Therefore, this work provides valuable
insight into the properties of 3D-printed adsorbent monoliths and addresses one of the most
deficient aspects within this area of research.

2. EXPERIMENTAL SECTION

2.1. MATERIALS
The activated carbon used to print the monoliths was purchased from Calgon. The
poly(vinyl) alcohol (PVA, 99%) and bentonite clay were both purchased from Sigma
Aldrich and were used for ink formulation without additional modification. All UHP gases
were purchased from Airgas.

2.2. MONOLITH FORMULATION
Monoliths were printed with 200, 400, and 600 cpsi using the techniques outlined
in our earlier works. The inks used to print the monoliths were comprised of 84 wt.%
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activated carbon, 12 wt.% bentonite clay, and 4 wt.% PVA, where DI water was the only
solvent needed to produce a favorable rheology. The pastes were mixed at 20 rpm at room
temperature for 48 h prior to printing to achieve homogeneity. After printing, the monoliths
were dried overnight at ambient temperature to ward off any remaining water, followed by
heating at 80 °C under vacuum for 12 h to crosslink the PVA and enhance mechanical
strength.

2.3. ADSORPTION ISOTHERMS
The monolith’s high-pressure CO2 and CH4 adsorption isotherms were collected
using a BELsorp HP gas analyzer from 0-10 bar at 25, 50, and 75 °C. Multiple temperatures
were used when collecting the high pressure isothermal capacities so that the monolith’s
heats of adsorption towards CO2 and CH4 could be calculated, where the heats of
adsorption were approximated using the Clausius Clapeyron method.(Gelles et al., 2019a)
The ideal adsorbed solution theory (IAST) method (Chen et al., 2011) was used to calculate
the CO2/CH4 selectivity as a function of pressure at 25 °C from the adsorption isotherm
datasets. The sample was degassed under vacuum at 200 °C for 6 h before collecting each
adsorption isotherm.

2.4. PSA EXPERIMENTS
Before discussing the various assessments performed on the monoliths, it should
first be noted that our previous work indicated that 200 cpsi monoliths display the best
dynamic performance, due to their reduced dependency on molecular diffusion and lower
propensity towards gas throttling.(Lawson et al., 2020a) Hence, most of this work is
focused solely on assessing the process performance of activated carbon monoliths with
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200 cpsi. However, monoliths with 400 and 600 cpsi were still printed to elucidate the
effects of cell density on pressure drop, in efforts to develop a more well-rounded
understanding of the process performance of 3D-printed adsorbent monoliths. In future
works, we also systematically vary different parameters to assess the impact on cell density
on overall process performance, but this study focuses mostly on the PSA performance of
the 200 cpsi monoliths to establish an initial baseline for comparison. To this end, the PSA
separation performance of the 200 cpsi activated carbon was assessed using a singlecolumn setup with four cycles. In these experiments, 12.0 g of monolith was used to
completely pack the bed (1.6 cm × 13.6 cm). The PSA steps used were consistent with a
typical 4-step process: i) pressurization, ii) adsorption, iii) depressurization, and iv) purge.
A superficial velocity of 2.7 cm/s of CH4 was used in the pressurization and purge steps,
whereas the depressurization rate was 1 bar/min.
To assess the PSA performance of the adsorbent monolith, the adsorption pressure
was varied between 3, 5, and 10 bar. At each pressure, the superficial velocity of a 60%
CH4/40% CO2 was varied between 1.40, 1.80, and 2.30 cm/s. At each pressure/velocity
combination, the adsorption time was varied between 2.5, 5, or 10 minutes. Thus, a total
of twenty-seven experiments were performed. The effluent concentration profiles and mass
flow data were collected from the PSA system using a mass spectrometer (BELMass) and
mass flow meter (Brooks), respectively, and were used to calculate the CH4 purity,
recovery, and productivity. The calculations for these heuristics can be found in Equations
S1-S3, Supporting Information. It is also worth noting here that the purge time was held
constant at 5 minutes across all experiments in efforts of isolating the effects of adsorption
pressure, adsorbate superficial velocity, and adsorption time on CH4 purity, recovery, and
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productivity. However, the times used for pressurization and depressurization were varied
as needed to account for differences in the column pressures. Specifically, the
pressurization times for all 3, 5, and 10 bar experiments were 150, 270, and 540 seconds,
respectively, whereas the depressurization times were 180, 300, and 600 seconds,
respectively. A full list of the conditions used in the PSA experiments is located in Table
S1, Supporting Information.

2.5. THERMODYNAMIC ANALYSIS
During each of the PSA experiments, the temperature reading of the column wall
was collected with a Type-K thermocouple. The thermal profiles were used to calculate the
heat transfer during the pressurization and adsorption steps using the convective heat
transfer relation (Eq. S4, Supporting Information).(Prasad and Shen, 1993) For this
calculation, a heat capacity of was 0.5 J/g.°C used for the 304 stainless steel column. The
empty column weight was 336.31 g.

2.6. PRESSURE DROP ANALYSIS
The pressure drop analyses for different cell densities were collected and compared
to commercial 1.5 mm beads from Ingevity corporation. This was accomplished using
probe gas experiments. Specifically, the stainless steel column was completely packed with
200, 400, 600 cpsi printed monoliths or with 1.5 mm beads. In all cases, the column height
was 12.0 cm. To collect the pressure drops, 0.44-8.55 cm/s of supply air was flown into
the packed-columns and pressure readings at the top and bottom of the column were
measured with high-precision pressure gauges.
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3. RESULTS AND DISCUSSION

3.1. ADSORPTION ISOTHERMS
The CO2 and CH4 adsorption isotherms of the 3D-printed activated carbon
monoliths were collected at 25, 50, and 75 °C from 0-10 bar and were used to calculate the
IAST CO2/CH4 selectivity at 25 ºC as shown in Figure 1. As expected, both the CO2 (Figure
1a) and CH4 (Figure 1b) adsorption capacities decreased at elevated temperature which
indicated that the adsorption mechanism was purely physical and not driven by any sort of
chemisorption. It is also worth noting that the adsorbent monolith displayed a steep CO2
adsorption isotherm from 0-3 bar but reduced in slope at higher pressure. This behavior is
important to the performance of adsorbent materials for PSA processes because it allows
the adsorption step to occur at lower pressure which enhances CH4 productivity. In
contrast, adsorbing more of the heavy component at elevated pressure lengthens the time
required to pressurize the adsorption column, thereby reducing light gas productivity.
However, this benefit only becomes relevant if the adsorbent has a sufficiently high
CO2/CH4 selectivity to minimize competitive adsorption of the light gas. In this regard, it
is also important to consider the IAST selectivity at 0-3 bar.
From Figure 1c, the CO2/CH4 selectivity was shown to be independent of the
adsorption pressure and was competitive with the values reported for other carbonaceous
adsorbents.(Far et al., 2021) This high selectivity should allow the 3D-printed activated
carbon monoliths to purify the CH4 at all pressures, assuming that the adsorbent superficial
velocity and adsorption time are sufficiently low to prevent CO2 bypass into the effluent
stream. However, another important aspect in optimizing the PSA performance of these
materials is the CH4 recovery during the adsorption step, which depends on the light gas
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adsorption capacity of the material. Looking at Figure 1b, it should be noted that the sample
adsorbed relatively small amounts of CH4 between 0-3 bar but higher quantities from 4-10
bar. While this result was expected from literature, in that CH4 adsorption is favorable at
elevated pressures because the higher driving force better compresses the small molecules
into the adsorbent pores, it also suggested that the CH4 recovery should decrease as the
adsorption pressure is increased. Namely, the increased CH4 adsorption capacity at higher
pressures will lead to a higher amount of CH4 adsorption and a lesser amount of the light
species being purified. Therefore, on the basis of these results it was concluded from Figure
1 that the PSA pressure should be ~ 3 bar to maximize the CH4 recovery over 3D-printed
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Figure 1. (a) CO2 and (b) CH4 adsorption isotherms from 0-10 bar at 25, 50, and 75 °C as
well as (c) IAST CO2/CH4 selectivity at 25 °C.

3.2. PSA EXPERIMENTS
The CO2 adsorption/desorption profiles from the various PSA conditions are shown
in Figure 2. Looking first at the effects of adsorbate superficial velocity and adsorption
time, Figure 2 indicated that increasing either of these variables prompts a greater degree
of CO2 bypass into the effluent CH4 stream. This was to be expected because increasing
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either of these process variables introduces more of the adsorbate mixture into the column,
thereby also increasing the degree to which the monoliths become saturated with CO2. As
a result, more of the heavy component bypasses into the effluent CH 4 stream. This
phenomenon occurred at all three adsorption pressures and the additional adsorption at
higher superficial velocity and adsorption time was further supported by the desorption
profiles, where the CO2 concentration increased with both of these variables. Again, these
findings were to be expected and were in good agreement with literature,(A. M. Ribeiro et
al., 2008) so they did not represent fundamental insights into the PSA performance of 3Dprinted adsorbent monoliths. On the other hand, the adsorbate superficial velocity and
adsorption time did have pronounced effects of the CO2 adsorption profiles which were
unique to the 3D-printed adsorbent monoliths reported here.
Specifically, the CO2 wavefronts broadened as the adsorbate superficial velocity
was increased. This effect was most pronounced at 3 bar with 10 minute adsorption time
(Figure 2c), where the wavefront at 1.4 cm/s velocity was sharper than the wavefront at 1.8
cm/s, which was sharper than the wavefront at 2.3 cm/s. From our earlier work, (Lawson
et al., 2020a) the broadened concentration profiles have been correlated to slower adsorbate
transport through the macropores of the printed structures. As apparent, the rate limitation
had profound implications regarding the CH4 purity during the adsorption step, since
increasing the adsorbate superficial velocity reduced the adsorbate/adsorbent contact time
and caused more CO2 to bypass the column into the effluent CH4 stream. However, Figure
2 also indicated that this issue can be rectified by increasing the adsorption pressure, since
the degrees of CO2 bypass at 10 bar with 10 minute adsorption time (Figure 2i) were less
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than those at 5 bar with 10 minute adsorption time (Figure 2f) at all three superficial
velocities, which were less than those at 3 bar with 10 minute adsorption time.
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observed in the 5 bar/10 minute experiments. As previously mentioned, sharpening of the
concentration profiles indicates a faster rate of adsorbate diffusion within the macropores
of the printed monolith, so the differences in the CO2 concentration profile shapes between
Figure 2c and Figure 2f suggested that increasing the adsorption pressure enhanced the
mass transfer rate.Granted, this notion could not be concluded with certainty because CO2
did not breakthrough the column at 10 bar with 10 minute adsorption time, but the fact that
the sharpening between Figure 2c and Figure 2f occurred at all three superficial velocities
strongly implies that the kinetic rate was enhanced. As a result of this behavior, the CH4
purity should be expected to increase as the adsorption pressure is elevated. Granted, the
adsorption isotherms also indicated that increasing the adsorption pressure will also
increase the amount of CH4 adsorption, which will reduce the light gas recovery, so it is
important to balance these heuristics when optimizing the PSA performance of 3D-printed
activated carbon monoliths.
The Pareto plots of CH4 purity and recovery during the adsorption step as a function
of adsorption pressure, adsorbate superficial velocity, and adsorption time are shown in
Figure 3. As expected from Figure 2, increasing either the adsorbate superficial velocity or
the adsorption time caused CO2 to bypass into the effluent CH4 stream which decreased
the light gas purity. However, the reductions in CH4 purity were less severe when the
pressure was elevated, as evidenced by the higher CH4 purities at that were observed at 10
bar (Figure 3c) compared to 5 bar (Figure 3b), which were higher than those at 3 bar (Figure
3a). Nevertheless, it should be noted here that, although increasing the adsorption pressure
did enhance the CH4 purity at all conditions, it also reduced the CH4 recovery. While this
was expected to some degree from the adsorption isotherms in Figure 1, the CH4 recoveries

270
at 5 and 10 bar were much lower than established materials under all conditions. For
example, Kacem et al. assessed activated carbon pellets for the PSA separation of CO2 and
CH4 and reported a CH4 recovery of ~40% at 5 bar pressure. Granted, their activated carbon
only achieved a CH4 purity of ~85% whereas the materials reported here generated 90100% purity when the adsorption time was 2.5-5 min, so our 3D-printed monoliths did
improve in some aspect to this benchmark material.
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Figure 3. Effects of superficial velocity and adsorption time on CH4 recovery and purity
at (a) 3, (b) 5, and (c) 10 bar adsorption pressures over 3D-printed activated carbon
monoliths.

It is also worth noting here that the CH4 recovery was not generally influenced by
the adsorption time, but was somewhat affected by the adsorbate superficial velocity. This
was especially true at 3 bar, 10 minute adsorption time, and 2.3 cm/s superficial velocity
as well as at 10 bar, 2.5 minute adsorption time, and 2.3 cm/s superficial velocity, where
the CH4 recovery decreased significantly from the lower flowrates. These effects likely
signified a reduced CH4 selectivity and an increased amount of CH4 adsorption. As far as
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we are aware, this is something that is unique to these 3D-printed activated carbon
monoliths and is not something that has been observed previously. Hence, it should be
thoroughly investigated by CFD in its own study to better understand why these effects
occurred. However, taking these effects into account Figure 3 indicated that the best
balance of CH4 purity and recovery were achieved with an adsorption pressure of 3 bar,
adsorption time of 2.5-5 minutes, and adsorbate superficial velocity of 1.4-1.8 cm/s. Under
either of these conditions, the activated carbon monoliths achieved 90-100% CH4 purity
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To fully optimize the process PSA process conditions of 3D-printed activated
carbon monoliths for CO2/CH4 separation, it is important to also consider the cyclic
productivity because an adsorbent that can generate high CH4 purity and recovery may still
be considered unattractive if its light gas productivity is sufficiently low. Therefore, the
CH4 productivity as a function of adsorption time, adsorbate superficial velocity, and
adsorption pressure was calculated for the PSA experiments as shown in Figure 4. First, it
should be noted that increasing the adsorption pressure reduced the CH4 productivity at all
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conditions. This was to be expected because i) Figure 3 signified that increasing the
adsorption pressure reduces the CH4 recovery and ii) increasing the adsorption pressure
leads to longer pressurization/depressurization times, which extends the cycle length.
Hence, Figure 4 further signified that a pressure of 3 bar is optimal for PSA separation of
CO2 from CH4 over these materials. Looking next at the effects of adsorbate superficial
velocity and adsorption time, Figure 4 signified that increasing either of these generally
variables also increases the CH4 productivity. This trend was not surprising, as increasing
these parameters introduces more of the adsorbate mixture into the column, thereby
allowing for a greater quantity of effluent CH4. Granted, the CH4 productivity at 3 bar, 10
minute adsorption time, and 2.3 cm/s adsorbate superficial velocity was less than the
productivity at 3 bar, 10 minute adsorption time, and 1.8 cm/s superficial velocity (Figure
4a), however, the CH4 recovery at this condition was extremely low, so this point should
be considered a statistical outlier. Otherwise, the overall trend observed in Figure 4 agreed
with our conclusion, in that increasing the adsorption time or adsorbate superficial velocity
gives rise to enhancements in CH4 productivity. In this regard, balancing the heuristics of
CH4 purity and recovery from Figure 3 with the cyclic productivity from Figure 4 signified
that the printed activated carbon monoliths displayed their best PSA performance at 3 bar,
1.4 cm/s, and 5 min adsorption time. Under these conditions, the samples generated 100%
CH4 purity, 38% CH4 recovery, and 2.3 mmol CH4/h.gmonolith productivity which signified
a greater amount of light gas retention in the adsorption column. Notably, reports on the
cyclic recovery specifically for CO2/CH4 separation are scarce, but the monolith-packed
bed did display a comparable CH4 productivity to that of silicate pellets reported for
CH4/N2 separation (3 mmol CH4/h.gsorbent), so the productivity reported here can be
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considered reasonable.(Delgado et al., 2006) Besides, the activated carbon monoliths also
generated comparable CH4 recoveries and enhanced purities to other carbonaceous
adsorbent materials, signifying that the CO2/CH4 separation performance of these materials
by PSA lies within an acceptable threshold.

3.3. THERMODYNAMIC ANALYSIS
Another facet of the PSA performance of adsorbent materials which must be
considered is their thermodynamic properties, as these heuristics influence the heat transfer
during the adsorption and desorption steps, which greatly affects the cyclic heating and
cooling costs. Therefore, thermodynamic analysis of the 3D-printed activated carbon
monoliths was performed alongside the PSA investigation of these materials in efforts of
thoroughly assessing their process performance. Looking first at the heats of CH4 and CO2
adsorption (Table 1), which were calculated from the adsorption isotherms (Figure 1) using
the Clausius Clapeyron method (Gelles et al., 2019a), it should be noted that the printed
adsorbent monoliths displayed values for both gases that were comparable to other
carbonaceous adsorbents. For example, Delgado et al. reported the heats of CH4 and CO2
adsorption for activated carbon pellets were 20.9 and 16.8 kJ/mol respectively,(Delgado et
al., 2014) whereas the heats of adsorption for our 3D-printed activated carbon monoliths
for these gases were 20.8 and 16.0 kJ/mol respectively. Given that these values are virtually
identical, it can be reasonably stated that the printing process did not influence the
thermodynamic properties of the activated carbon adsorbent. However, it should be noted
here that the heats of adsorption were less compared to other benchmark PSA materials
such as zeolite 13X pellets, which can be considered an attractive property of our 3Dprinted activated carbon monoliths.
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Table 1. Heats of CO2 and CH4 adsorption for various adsorbent materials.
Material

Gas

Activated Carbon
Monolith
Zeolite 13X
Pellets
Activated Carbon
Pellets

CO2
CH4
CO2
CH4
CO2
CH4

ΔHads.
(kJ/mol)
20.8
16.0
31.6
18.4
20.9
16.8

Ref.
This work
(Delgado et al., 2014)
(Delgado et al., 2014)

To assess the heat transfer of the printed activated carbon monoliths during the PSA
experiments, the temperature profiles of the bed wall were collected and were used to
calculate the heat transfer during the pressurization and adsorption steps. The single cycle
temperature profiles can be found in Figures S1-S3, Supporting Information and were used
to calculate the heat of adsorption during the pressurization/adsorption steps as a function
of sorbate superficial velocity, sorption pressure, and sorption time, as shown in Figure 5.
As can be seen, the heat released during the pressurization and adsorption steps increased
significantly with the adsorption pressure. This was not surprising, given that Figure 1 and
Figure 3 signified that the monoliths adsorbed more CO2 and CH4 at higher pressure, which
should translate to a greater amount of heat transfer. Similarly, increasing the adsorbate
flowrate also increased the heat transfer due to the higher amount of adsorption that
occurred. Nevertheless, these effects were not observed at 3 bar (Figure 5a) when the
superficial velocity was 2.3 cm/s with a 10 minute adsorption time or at 10 bar (Figure 5c)
at 2.3 cm/s superficial velocity and 2.5 minute adsorption time. As previously noted,
however, these conditions gave rise to lower CH4 recoveries which Figure 3 suggested
could have been caused by increased CH4 adsorption and reduced CO2 adsorption. This
theory was seemingly confirmed by Figure 5 because increasing the amount of CH4
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adsorption should reduce the amount of heat transfer, given that the heat of adsorption for
CH4 was less than that for CO2. Again, it is worth systematically exploring these effects to
better understanding their underlying mechanism, but the results in both Figure 3 and
Figure 5 seem to indicate that the CO2/CH4 selectivity of 3D-printed activated carbon
monoliths reduces at elevated superficial velocity.
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Figure 5. Calculated heat transfers during adsorption and pressurization steps as a
function of superficial velocity and adsorption step time at (a) 3, (b), 5 and (c) 10 bar
adsorption pressures.

This aside, it is also worth comparing the heat transfer of the activated carbon
materials to those of established adsorbents for PSA separation of CO2 and CH4 to better
understand how these materials compare to established benchmarks. However, the
literature in this area is extremely limited and, to the best of our knowledge, there has not
yet been another report that directly calculates the heat transfer that occurs during PSA
separation of CO2 and CH4. Therefore, the dataset reported in Figure 5 represents a new
piece of information pertaining to the process performance of structured adsorbents which
can serve as a baseline for future comparisons. This data can be considered an effective
means for such comparisons because the heats of adsorption in Table 1 indicated that the
3D-printed activated carbon monoliths have comparable thermodynamic properties to
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other benchmark adsorbents. Hence, the heat transfer during the pressurization and
adsorption steps should also be comparable to the performances of benchmark materials,
even though the actual heat transfer values as a function of process conditions have not yet
been reported.

3.4. PRESSURE DROP ANALYSIS
One of the key benefits associated with adsorbent monoliths is that their open
cellular design reduces the resistances to fluid flow and gives rise to lower pressure drops
compared to pellets or beads. However, it is worth noting here that the channels of 3Dprinted monoliths are offset by the z-layer thickness, whereas the channels in
conventionally extruded monoliths are continuous. Literary CFD studies have suggested
that the interlocking channels in printed monoliths increase the fluid turbulence over
continuous channels,(Stuecker et al., 2003) which may cause increases in pressure loss.
Nevertheless, these effects have never been experimentally investigated, so it cannot be
said with certainty how the interlocking channel structure influences the pressure drop of
3D-printed monolith packed columns. Hence, probe gas experiments were performed over
3D-printed monoliths with 200, 400, and 600 cpsi as well as on 1.5 commercial beads to
compare the pressure drops for these geometries. As shown in Figure 6, the pressure drop
increased with the monolith cell density, which was not surprising given that increasing
the cell density also increases the number of interlocking channels, thereby increasing fluid
turbulence within the printed structure. Be that as it may, even the 200 cpsi monoliths
displayed sharp increases in pressure drop when the gas superficial velocity exceeded 6.75
cm/s. While these losses were not as high as the 400 or 600 cpsi monoliths, they were still
higher than expected. Specifically, previous literature has shown that extruded monoliths
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do not experience large increases in pressure drop when the fluid enters the turbulent
regime.(Cornejo et al., 2020) In this regard, Figure 6 indicated that 3D-printed monoliths
produce higher pressure losses compared to their extruded counterparts. Nevertheless, it is
still worth noting here that all three printed cell densities displayed lower pressure drops
compared to the 1.5 mm beads. Therefore, utilizing 3D-printed adsorbents in PSA
separation processes are still advantageous over pelletized adsorbents regarding the
systematic pressure losses, as the printed geometries do still impart some of the benefits of
extruded monoliths in this area.

600
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0
0

1

2

3

4

5

6

7

8

9

Superficial Velocity (cm/s)

Figure 6. Measured pressure drops across different printed cell densities and commercial
beads across a 12 cm column from 0.44-8.55 cm/s superficial velocities.

4. CONCLUSIONS

In this study, the factors which affect the PSA performance of 3D-printed activated
carbon monoliths for CO2 separation from CH4 were investigated. In particular, this study
related the PSA process parameters adsorbate flowrate, adsorption pressure, and adsorption
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time to the performance heuristics of CH4 purity, recovery, and productivity. At 3-5 bar
pressure, the PSA experiments revealed that increasing the adsorbate superficial velocity
or adsorption time reduced the CH4 purity because of increased CO2 bypass into the light
effluent stream. Increasing the adsorption pressure to 10 bar rectified this issue and allowed
the bed to reach nearly 100% CH4 purity at all three superficial velocities and adsorption
times used, however, the increased pressure also led to a greater amount of CH4 coadsorption, which reduced the recovery. The activated carbon monolith packed-bed also
displayed reduced CH4 recovery at 5 bar, so an adsorption pressure of 3 bar was concluded
to be optimal. Under this condition, it was also concluded that 1.4 cm/s, and 5 min gave
rise to the best overall process performance, as the packed-bed generated 100% CH4 purity,
38% CH4 recovery, and 2.3 mmol CH4/h.gmonolith productivity recovery under these
conditions which was comparable in performance to other benchmark materials. As
another benefit, this study also confirmed that the systemic pressure drops for 3D-printed
adsorbent monoliths are less than those for commercial adsorbent beads. Granted, the
losses were higher than would be expected for extruded adsorbent monoliths, but the fact
that they were lower than beads indicated that 3D-printed adsorbent monoliths can be used
to reduce the column pressure drops from pellet or granule geometries. Overall, this study
provides a thorough investigation of the parameters which influence the process
performance of 3D-printed adsorbent monoliths and indicates that materials formed by this
method can display competitive PSA performance to conventionally manufactured
structured adsorbents.
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SUPPORTING INFORMATION

The CH4 purity, recovery, and productivity were calculated similar to the method
reported by Delgado et al.(Delgado et al., 2017) The CO2 and CH4 purity were calculated
by first normalizing the respective mass spectrometry profiles with respect to one across
all ten adsorption/desorption cycles. The normalized signals versus time of CH4 and CO2
were then summed across the entire process to provide an approximate signal versus time
which was assumed to be proportional to the total number of moles present in the system.
The signal for each species at time t was then divided by the total signal at time t to
approximate the component mole fractions as a function of time. This approximation can
be denoted as follows:

X CH4

t

=

CH 4

t

CH 4 t + CO2

*100%

(Eq. S1)

t

Where CH4 and CO2 evaluated at time t are the normalized CH4 and CO2 mass
spectrometry profiles gathered from the adsorption/desorption data, while XCH4 is the
approximate mole fractions of hydrogen and at any given time in the ten cycle process.
XCH4 was multiplied by 100% to acquire the CH4 purity. Using this data, the CH4 recovery
during the adsorption step was calculated by numerically integrating the product of CH4
purity and volumetric flow as a function of time (Eq. S2)

CH 4 Recovery 

CH 4-in
*100%
CH 4-out

(Eq. S2a)

Where CH4-in can be defined by:

CH 4-in =

1 min  t ads  0.6Q
60 sec

(Eq. S2b)
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Where tads is the adsorption step time and Q is the volumetric flowrate of the
CO2/CH4 mixture. Here, it should be noted that the superficial velocities of 1.40, 1.80, and
2.30 cm/s correspond to volumetric flowrates of 150, 200, and 250 mL/min respectively.
The CH4-out term can be defined by:

CH 4-out =



t2

t1

(

X CH4
 Qout  Patm )dt
100%
Pads

(Eq. S2c)

Where Qout is the volumetric flowrate measured by the Brooks flowmeter, whereas
the Pads and Patm term are the adsorption and atmospheric pressures, respectively, arising
from the need to correct for gas expansion between the pressurized column and
depressurized flowmeter. The integration limits of t1 and t2 are defined as the start and end
of the adsorption step, respectively. Using the recovery data, the CH4 productivity was then
calculated by Eq. S3.
CH4 Productivity (

mmol CH4
h⋅gmonolith

)=

CH4-out 1 L⋅1mol⋅1000 mmol⋅3600 sec
1000 mL⋅22.4 L⋅1 mol⋅12 gmonolith ⋅tcycle ⋅1 h

(Eq. S3)

Where tcycle is the total time for one complete PSA cycle (e.g., the sum of times for
pressurization, adsorption, depressurization, and purge), whereas the factor of 22.4 L/mol
arises from assuming ideal gas behavior and converting the volumetric CH4 flowrate into
a molar value. The various other numerical constants arise from converting units into the
desired value of mmol CH4/h.gmonolith.
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Table S1. Summary of conditions used for PSA experiments.
Adsorption
Pressure
(bar)

Adsorbate
Superficial
Velocity
(cm/s)

Pressurization
Step Time
(sec)

Adsorption
Step Time
(min)

Depressurization
Step Time
(sec)

2.5
5.0
10.0
2.5
3 bar
150
5.0
180
1.80
10.0
2.5
2.30
5.0
10.0
2.5
5.0
1.40
10.0
2.5
5.0
5 bar
1.80
270
300
10.0
2.5
5.0
2.30
10.0
2.5
5.0
1.40
10.0
2.5
5.0
10 bar
1.80
540
600
10.0
2.5
5.0
2.30
10.0
*Purge step time = 300 sec; *CH4 pressurization/purge superficial velocity = 2.7 cm/s
1.40

The heat transfer during the adsorption steps was calculated using the general heat
transfer equation for convective surfaces, as shown in Equation S4.
Q (g

𝑘𝐽
monolith

T2
(mCp )dT
T1

1 kJ ∫

) = 1000 J ∙12 g

monolith

(Eq. S4)
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Where m is the mass of the stainless steel column (336.3 g), Cp is the heat capacity of 304
stainless steel (0.5 J/g.°C), and T1 and T2 are the minimal and maximal temperatures
measured of the adsorption column wall during a single cycle.
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Figure S1. Single-cycle temperature profiles for (a) 3, (b) 5, and (10) bar adsorption
experiments with 2.5 min adsorption time.
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Figure S2. Single-cycle temperature profiles for (a) 3, (b) 5, and (10) bar adsorption
experiments with 5 min adsorption time.
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SECTION
2. CONCLUSIONS AND FUTURE WORKS

2.1. CONCLUSIONS
In this research, considerable efforts were made to develop novel techniques for 3D
printing various materials, especially binderless zeolites and MOFs, to improve and expand
additive manufacturing of adsorbents. Between the advanced formulation strategies
reported here, including sol-gel printing, polymer seed inclusion, oxide seeding,
amine/MOF hybridization, and binderless printing, it was demonstrated that exploring
novel ink formulation approaches can enhance the physiochemical and kinetic properties
of printed adsorbent materials. For example, binderless printing can modify the adsorbent
micropore window and give rise to enhanced electrostatic interactions with the adsorbents,
thus increasing the adsorption capacity from the parent powder. Meanwhile, polymer/MOF
printing was shown to produce exceptional mechanical strength but incurs a tradeoff of
crystalline degradation and extremely poor rheology. In the case of amine/MOF monoliths,
it was found that pre-impregnating the amine leads to better adsorption capacity and better
cyclic stability, whereas post-impregnation leads to better mass transfer due to a reduced
dependency on sorbate diffusion through the macropores. In contrast, MOF printing via
sol-gel formulation can enhance the rheological properties of directly printed MOF
particulate, whilst also increasing the macropore space and giving rise to enhancements in
mass transfer.
Such enhancements are important, as this research also revealed that directly
printed adsorbent monoliths’ mass transfer rates are slower than those of conventionally
extruded adsorbents. In particular, this research demonstrated that 3D-printed adsorbent
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monoliths’ overall kinetic rate is limited by the speed at which the adsorbate diffuses
through the structural wall, whereas extruded adsorbents have thin walls that do not incur
mass transfer resistances within the structural macropores. In any case, this research also
indicated that these resistances can be addressed by developing new printing strategies. For
example, adding a higher plasticizer concentration, substituting a macroporous binder,
printing via sol-gel coordination, or utilizing sacrificial biopolymers all enhanced the
monoliths’ structural macroporosity, leading to a reduced rate dependency on molecular
transport and faster adsorptive rates.
Besides, process assessment of the printed monoliths, which were simply formed
by direct ink writing of pre-synthesized particulate, revealed comparable separation
performances relative to commercial benchmarks, as well as lower pressure drops.
Therefore, the research culminated in this research provided a fundamental understanding
of the kinetic behaviors for printed adsorbents and developed exciting pathways that can
be used to address their shortcomings. Overall, this series of works resulted in a more wellrounded understanding of 3D-printed adsorbent monoliths and produced significant
advancements in material science, functional chemistry, and additive manufacturing
technology.

2.2.

FUTURE WORK
While this study provided some insight into the kinetic performance of directly 3D-

printed adsorbent monoliths, there is still much work to be done regarding the kinetic
performances of scaffolds which have been printed by new ink formulation methods. This
is especially true regarding the kinetic performances of binderless zeolite and sol-gel/MOF
monoliths, as the fractional uptake experiments performed over those materials likely do
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not provide a full understanding of their dynamic behaviors. Namely, although these
studies did indicate that the new printing methods reduced mass transport resistances
within the structural macropores, it is difficult to say how these enhancements will affect
the samples’ gas separation performances. In a similar way, it is also worth expanding the
kinetic assessment of 3D-printed adsorbent monoliths to multi-component gas mixtures, as
this area has not currently been explored to any depth in literature. For example it is worth
exploring how SOx, NOx, and humidity affect the separation performance of printed
monoliths as well as on these contaminants impact the long-term mechanical strength. Such
studies are paramount to the scale-up of 3D-printed adsorbent monoliths, as it is wellknown that multi-component mixtures dramatically affect heuristics of purity, recovery,
and productivity and acid gases could decompose the intraparticle bond structures.
Similarly, it is worth exploring the trade-off between monolith macroporosity,
mechanical stability, and adsorption performance. For example, the sol-gel and binderless
methods reported in this research revealed that increasing the macropore space leads to
enhancements in the mass transfer rate but considerably lowers the mechanical strength. In
this regard, one of the key aspects pertaining to the material formulation and process
performance of 3D printed adsorbent monoliths is developing a pathway which can yield
optimum compressive strength, adsorbent loading, and kinetic rates. This area of research
is particularly challenging, given that the studies in this research indicated that enhancing
one of these properties has a tendency to reduce the other two. As such, optimizing the
heuristics of strength, loading, and kinetic rate may require a new printing method or
material altogether.
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